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THE POTASSIUM AND WATER CONTENTS OF CAT NERVES 
AS AFFECTED BY STIMULATION 
WALLACE O. FENN 

Department of Physiology', School of Medicine and Dentistry, 

The University of flochcster, Rochester, AT. Y. 

(Received November 1, 1937.) 

A loss of potassium from unmyelinated crab nerve has been reported by 
Cowan (’34) and has been recently confirmed with somewhat improved tech- 
nique by Young (’38). Vogt (’3G) has reported losses of K from the cervical 
sympathetic ganglion during stimulation. No observations have apparently 
been made on myelinated nerves except two experiments (Fenn, ’34) on frog 
nerves which showed only losses of K and of Cl too small to bo significant. 
In this paper experiments are reported on the sciatic nerve of the cat. In part, 
the observations were incidental to other experiments on the loss of potassium 
from cat muscle (Fenn and Cobb, ’36) when stimulated through its nerve. 

Methods 

While details differed in the various experiments, the usual procedure con- 
sisted in cutting the sciatic nerve on both sides of the cat ns far centrally ns 
possible and stimulating on one side through shielded silver electrodes with 
either a continuous or intermittent tetanus for 30 minutes or more. The 
branch of the nerve supplying the hamstring muscles was cut. After stimula- 
tion, the animal was bled to death and both sciatic nerves were dissected out, 
omitting 2 cm. at the central end which had been between or just below the 
electrodes. The tibial branch was dissected out to the gastrocnemius muscle 
and the superficial peroneal to the nnlde. Both nerves were treated as much 
alike as possible during the dissection, with care to avoid undue drying and 
inclusion of any of the surrounding tissues. The nerves were weighed fresh in 
weighing bottles, dried at 100 C C. to constant weight, ashed in a muffle fur- 
nace at 500°C. and analyzed for potassium by a slightly modified Shohl and 
Bennett method. Each nerve weighed about 0.5 gram and contained about 
0.8 mgm. of potassium, an amount well within the range of the method. The 
accuracy of the analyses for which I am mostly indebted to my assistant, 
Mrs. Doris Cobb Marsh, has been checked in many previous investigations. 
The average difference between the potassium contents of paired nerves has 
been found to be 2 per cent (Fenn and Cobb, ’35). A single control experiment 
in which both nerves were unstimulated showed changes as large as those 
usually observed in stimulation experiments and indicated that nothing could 
be gained by a more extensive control series. 

Results 

A total of twenty-four experiments were completed and the results are 
summarized in Table 1. The water and potassium contents of the resting 
nerves were quite variable, presumably because of varying amounts of myelin 
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sheath, fat, and connective tissue. The potassium figures were equally vari- 
able, whether calculated per 100 grams of nerve water or per 100 grams of 
dry tissue, so that the variation was not all due to different amounts of non- 
aqueous solid material, but partly due, presumably, to varying amounts of 
axones. 

TABLE 1 


Summary of twenty-four experiments 



Normal 

content 

Probable 
error 
of mean 

Range 

Change 
due to 
stimulation 

Out of 

24 cases 

Water: cc. per 100 gms. dry 

196.0 

±2.1 

164-240 

+5.6 +2.1 

14 gains 
14 gains 

Water: cc. per 100 gms. wet 

66.2 

±0.07 

62- 70 

+1.9 ±0.7 j 

Potassium: m.-eq. per 100 gms. 

! 



dry 

: 14.1 

±0.2 

11- 17 

+0.09 +0.19 

10 gains 

Potassium: m.-eq. per 100 gms. 





•water 

7.3 

±0.09 

6. 4-8. 5 

-0.15+0.06 j 

17 losses 


The changes in water and potassium caused by stimulation were in general 
small, and none of the average changes shown in the table were really signi- 
ficant as indicated by the probable errors of the means which are included in 
the table. In general, about half of the nerves showed gains and half losses. 
The most nearly consistent result was obtained from the potassium changes 
calculated per 100 grams of nerve water. The figures showed that seventeen 
out of twenty-four nerves lost potassium but the average loss was only 2.5 
times the probable error. If there is any loss of potassium, therefore, it 
amounts to less than 2 per cent and is too small to be detected with cer- 
tainty by this method. 

While a statistical study shows that the changes observed on stimulation 
were not significant, some of the changes were too large to be accounted for 
purely by the analytical error. The largest of these were losses of both potas- 
sium and water, or gains of both potassium and water (per 100 grams of dry 
weight) amounting to 15-25%. Such results might be due to the inclusion of 
more nonaq ueous material with one of the nerves than with the other; they 
were particularly evident in the first few experiments where the dissection 
may have been less skillful. Moreover, the ratio aHjO/AK in these extreme 
cases was closely similar to the ratio of H 2 0/K in the original nerve. Other 
occasional variations were probably attributable to some experimental error. 
Many attempts were made to obtain more consistent results by varying the 
nature of the stimulation, or the condition of the animal, or by better preserva- 
tion of the blood supply of the nerve, but the results were always disappoint- 
ing. . 

It is necessary to conclude, therefore, that any mobilization of K or gam 
of H»0 which may occur is so delayed by the medullary sheath that the net 
change is inappreciable. Or the change due to each impulse is so small that 
recovery is complete before the arrival of the next one. It is also possible that 
the electrolyte changes are purely secondary phenomena, dependent upon the 
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recovery processes so that conduction can occur in cat nerves without a loss 
of potassium 

Summary 

Cat nerves stimulated continuously in situ for 30 minutes or more at a 
frequency of 50-100 per second show no consistent loss or gain of potassium 
or water. 

references 

Cow an, S L The action of potassium and other ions on the injury potential and action 
current in A fata nerve Proc Roy Soc , 1934, B, 115 216-260. 

FfNN, W O Nerve respiration Science (supplement), 1934, 79 16 
Tfnn, W O , and Conn, D M Electrolyte changes in muscle during activity Amer J 
Physiol , 1936, 115 345-356 

Vogt, Marthe Potassium changes in the stimulated superior cervical ganglion J 
Physiol , 1936, 86 258 263 

Young A C The effect of stimulation on the potassium content of Limulus leg nerves. 
This Journal, following paper 



THE EFFECT OF STIMULATION ON THE POTASSIUM 
CONTENT OF LIMULUS LEG NERVES 

ALLAN C. YOUNG 

Department of Physiology, School of Medicine and Dentistry, 

The University of Rochester, Rochester, N. Y. 
and the 

Marine Biological Laboratory, Woods Hole, Mass. 

(Received November 1, 1937.) 

The results of experiments on the potassium loss in nerves during stimula- 
tion have led to no definite general conclusion. Fenn (’38) wo rkin g with the 
myelinated nerves of cats and frogs obtained no significant loss of pot assium . 
Cowan (’34) using the unmyelinated nerves of the spider crab, Main squinado, 
obtained an appreciable loss of potassium during fifteen minutes of stimula- 
tion. His method, however, is open to two criticisms: (1) The sections of 
nerves from which the potassium was lost, were between the stimulating elec- 
trodes. (2) No criterion was used to determine whether the nerves were con- 
ducting during stimulation. It seemed important therefore, to determine 
again the effect of stimulation on unmyelinated nerve with appropriate modi- 
fications of the technique. 


Method 

Initially, experiments were started using the nerves of the spider crab, 
Libinia emarginata, but were discontinued due to the rapid loss of excitability. 
The leg nerves of Limulus polyphemus were then chosen since they could be 
easily dissected out and retained their excitability, provided the enclosing 
vascular sheath was not removed. 

The legs were cut off at their junction with the body, threads were tied 
around the proximal end of the nerves, and the nerves dissected from all but 
the two most distal segments of the legs. These preparations were kept in 
running sea water for at least one-half hour before using. Corresponding nerve- 
muscle preparations from the opposite sides of the animal were used as ex- 
perimental and control preparations respectively. 

The two preparations were placed in a dish of sea water and the claw of 
the experimental preparation was connected to an isometric lever. The ex- 
perimental nerve was then stimulated at a frequency of one hundred and 
fifty shocks per second for fifteen minutes or more, by means of a thyratron 
stimulator. The tension maintained by the claw dropped to about 50 per cent 
of its initial value after fifteen minutes stimulation. The control nerve was 
tested at the beginning and end of stimulation, and only those preparations 
which showed contraction of the claw and abduction at the first joint were 
used. 

After stimulation, the nerve of the experimental preparation was cut where 
it entered the second joint, and again just distal to the stimulating electrodes. 
It was then blotted on filter paper; weighed on a torsion balance, and trans- 
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ferred to a weighing bottle. The corresponding section of the control nerve 
was excised and treated similarly. 

After drying to constant weight at 100°C. the nerves were analyzed for 
potassium using the modification of Shohl and Bennett’s method described by 
Fenn and Cobb (’36). 

Twenty-three pairs of nerves were analyzed. Of these, four experiments 
were discarded for obvious technical errors. Of the remaining nineteen, three 
had no dry weight determinations. 

The results of these experiments are: 

Average per cent loss of potassium =3.15 +2.1 (P.E. of mean) Calc, on 
wet wts. 19 expts. 

Average per cent loss of potassium =4.2 ±1.7 (P.E. of mean) Calc, on 
dry wts. 16 expts. 

The above results are hardly significant, probably because of dissimilarity 
in control and stimulated nerves. A suitable procedure for eliminating those 
preparations in which control and stimulated nerves are different seems to be 
on the basis of comparison of dry wt./wet wt. between the control and stimu- 
lated preparations. 

In the above sixteen experiments with wet and dry weights the average 
per cent difference of the ratio dry wt./wet wt. is 0.2 + 1 (P.E. of mean) indi- 
cating no significant change in water content in either direction as a result of 
stimulation. Three of the above pairs however, had differences in the ratios 
(dry weight/wet weight) of -12.8 per cent, 9.3 per cent and 10.2 per cent 
respectively. These differences are so large compared with the probable error 
of the average of this ratio that they could only have been due to very dis- 
similar control and experimental preparations. There is justification therefore 
for omitting these three experiments also. 

For the remaining thirteen experiments, eleven of winch showed a loss as 
indicated in Table 1, the average per cent loss of potassium was: 

(a) 6.1 +1.2 (P.E. of mean) calc, on wet wts. 

(b) 7.0 + 1.2 (P.E. of mean) calc, on dry wts. 

The averages of Cowan’s results for a 15 minute stimulus on Main nerves 
as calculated from his paper are: 

Loss of potassium at 40 shocks per sec. =5.9 per cent based on wet wts. 

Loss of potassium at 100 shocks per sec. =7.4 per cent based on wet wts. 

Loss of potassium at 140 shocks per sec. =6.9 per cent based on wet wts. 

Summary 

Analyses for potassium in the leg nerves of Limulus polphemus showed a 
loss of six to seven per cent of the potassium during a tetanus of fifteen min- 
utes. This is in agreement with the results of Cowan on the loss of potassium 
from the leg nerves of Maia sguinado. 

Acknowledgments are due to Mrs. Doris Cobb Marsh for the potassium analyses, to 
Dr. W. O. Fenn who initiated the experiments, for his advice and assistance, and to Dr. 
M. H. Jacobs for extension of facilities at the Marine Biological Laboratory. 
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TABLE 1 

Weights and potassium contents of limulus nerves 


Wet wt. 

Dry wt. 

Potassium 

mgms. 

mgms. 

mgm. % wet wt. 

Control 

Stimulated 

Control 

Stimulated 

Control 

Stimulated 

132 

105 

17 

13.5 

510 

544 

51 

53.5 

9.8 

10.8 

446 

360 

70.5 

75 

12.2 

13.0 

561 

486 

138 

! 136 

22.9 

22.3 

409 

369 

151 

137 

26.7 

23.4 

380 

388 

119 

118 

21.0 

20.5 

379 

347 

80 

81.5 

13.4 

14.0 

436 

431 

127 

140 

21.4 

23.1 

444 

386 

130 

115 

20.6 

19.4 

434 

423 

*52 

54 

17.9 

18.1 

735 

683 

65 

72.5 

10.0 

11.8 

546 

513 

95.5 

88.5 

15.1 

13.5 

506 

454 

72.0 

67 

13.0 

12.5 

488 

486 


* Sheaths dissected off before weighing and analyzing. 
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THE NON-CENTRIFUGAL DEGENERATION OF SEVERED 
PERIPHERAL NERVE 


OSCAR SUGAR 

Department of Physiology , University of Chicago 
(Received November 3, 1937.) 

Introduction 

Neumann in 1868 proposed the idea that severed peripheral nerve degenerates 
centrifugally; i.e., the degenerative processes start at the cut end and progress 
slowly towards the periphery. This view, opposing the conception of simul- 
taneous degeneration advanced by Lent in 1856, started a controversy as yet 
unsettled. Most of the arguments on both sides have been based on histological 
evidence — only relatively recently has there been any physiological experi- 
mentation on the subject. The early physiological studies were concerned 
chiefly with the time of disappearance of indirect excitability of the muscles 
innervated by cut nerves (Bethe, 1903; Courrier, 1926). 

Apostolaki and Deriaud (1925) found no change in chronaxie following sec- 
tion until the "complete degeneration” of the nerve (i.e., loss of indirect 
excitability of the muscle). This occurred by 9-10 days in frogs kept at 
12-15°C. The nerve’s rheobase increased by the fourth day after the cut, but 
there was no appreciable change in gastrocnemius chronaxie for 20-30 days. 
Titeca (1932, 1935) confirmed this for frogs kept at 22°C. (no change in 
chronaxie for 8 days). He also described an early "fatiguability,” manifested 
as an increasing threshold with repeated stimulation. This was found to 
progress slowly centrifugally and was correlated by him with Parker's ob- 
servations on centrifugal degeneration of motor fibers of the frog sciatic 
(Parker, 1933) and of myelin sheaths of the lateral line nerves of catfish 
(Parker and Paine, 1934). On the other hand, Titeca reported that action 
potentials disappeared simultaneously all along the degenerating frog nerve. 
Koch (1925) had earlier shown a uniform loss of resting potential throughout 
degenerating mammalian nerve. 

More recent experiments on rats and frogs (Holobut and Jalowy, 1936) 
again showed no change in chronaxie until loss of indirect excitability, and 
the uniform loss of action potential along a cut nerve (indirect excitability 
disappeared at 6-9 days at a temperature of 10-12°C.; Holobut, 1937). 

In view of the discrepancy between the action potential findings, which 
indicate simultaneous degeneration of frog nerve, and the evidence for centrif- 
ugal degeneration obtained from twitch heights, histology, and fatiguability, 
it seemed desirable to study several of these attributes on the same prepara- 
tions. 

METHOD 

Winter and spring frogs ( Rana pipiens and K. sylvatica) were kept in a large tank, 
with a constant flow of water sufficient to maintain a layer half a centimeter deep. Only 
healthy animals were used. Under light ether anesthesia, the skin on the back was cleaned 
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with alcohol, an incision, about 1 cm. long, made between the urostyle and the ilium, the 
underlying muscles separated with fine-pointed forceps, and the sciatic plexus revealed. 
Avoiding adjacent blood vessels, the left sciatic trunk was picked up on a pair of curved 
forceps and sectioned with sharp scissors just below the anastomosis of the spinal nerves. 

cut ends of the nerve were allowed to slip back, the muscles drawn together, and the 
lining of the dorsal lymph sac and the skin were closed, usually together, with one or two 
silk sutures. In most cases, healing occurred rapidly: infected animals and those which 
developed red leg were discarded. 

In the first series, frogs were kept at a temperature between 18°C. and 20°C.: in the 
second, between 12°C. and 15°C. For these longer experiments, the frogs were forced-fed 
with small bits of chopped meat. Only those animals vigorous at the time of examination 
were used. 

From 1 to 20 days after operation, a frog was pithed and immobilized, and both sciatic 
nerves dissected free without injury to the blood vessels of the leg. In all experiments, the 
left (operated) and right (control) nerves were treated alike as far as possible. For the 
kymograph records the usual gastrocnemius-musele-Iever set-up was used except that the 
femoral end of the muscle was left intact so that its circulation remained unimpaired and 
the bone was clamped in situ. In a number of experiments records were taken simul- 
taneously from the gastrocnemius and from the peroneal group of muscles. The same 
length lever arms were used with both right and left sides to permit a roughly quantita- 
tive comparison. 

The nerve was stimulated using bipolar metal electrodes 1 mm. apart from a Harvard 
inductorium with 6 volts in the primary and with the secondary, to start with, at 13 cms. 
and an angle of 5° from vertical. In no case was it necessary, in order to get maximal re- 
sponses, to have the coil horizontal at less than 9 cms. The electrodes were placed at three 
positions: H, 1-2 cms. below the cut end (to avoid the area of traumatic degeneration), 
M, just before the bifurcation of the sciatic to form tibialis and peroneal nerves, and, K, 
at the knee. Each region was tested in order with progressively stronger stimuli, from 
subthreshold to slightly supramaximal. To minimize as much as possible the inevitable 
fatigue (which is more pronounced in the operated nerve), the whole preparation was re- 
peatedly washed with Ringer’s solution. This procedure eliminated bizarre results found in 
preliminary experiments, such as a period of inexcitability between two periods of good 
excitability. 

After muscle responses were recorded, the nerves were removed and their action po- 
tentials studied with the cathode-ray oscillograph (Gerard, Marshall, and Saul, 1936). 
The trace was sometimes photographed, more often measured on the screen. A standing 
wave was obtained by using a commutator interrupter in the primary of the inductorium. 
The central end of the nerve was placed on stimulating electrodes and a pair of silver lead 
electrodes, 1 cm. apart, moved along the nerve. Change of spike height with distance was 
compared for normal and sectioned nerves. 

In a few cases, with conduction on the verge of failing, extensive kymograph records 
were omitted and only tests for the presence of indirect excitability carried out before 
removing the nerve. Other frogs from the same batch and in the same operative period 
were then used for the contraction height measurements. This was necessitated by the 
excessive fatiguability of such nerves. 

In all cases, following these tests, the nerves were examined histologically.* A few were 
washed, teased, and immersed in 1 : 10,000 neutral red, according to the method of Covel 
and O’Leary (1932). The majority were fixed in 10 per cent formol in 0.7 per cent NaCl 
or in HtO, teased, and stained with a modified Herxheimer stain by the following pro- 
cedure: _ . 

1. Cover slide upon which nerve is teased with Sudan III (Romeis, 1 929) for ten minutes 

2. Wash rapidly (distilled water) until wash water is almost clear 

3. Flood with 1 % aqueous haematoxylin for five minutes 

4. Wash off excess stain with distilled water 

5. Flood with 1 per cent ferric chloride for 1-5 minutes, depending on intensity of stain 
desired 

6. Wash well with tap water 

7. Mount in glycerine jelly, after complete teasing of nerve. 

r=T7 v - -as not used because it is held (Cajal, 1928) not to show accurately 

{he ■ , ■ : in the early stages of degeneration. 
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The whole process is carried out on the slide: with practice the nerve does not come off. 
Finnl tensing with steel needles or quills under a strong dissecting microscope clearly ex- 
poses individual nerve fibers for comparatively long distances (1-2 cms.). The myelin 
products appear ornngc-rcd, the nucleus and cytoplasm deep blue, and, if washing was 
adequate, the propnrntion lasts at least two months. 

Camera lucida drawings were made of significant preparations. 

In all, over 75 frogs were examined 2-20 days after nerve section, and of these about a 
third in 12-1G days, the period supposed to show progressive degeneration most clearly. 
To eliminate the possibility of missing any progressive degeneration because of too rapid 
degeneration at 18°-20°C., a second series of frogs was run at 12°-15°C. Except for a 
prolonged time scale in the latter case, the results in the two series were the same. In ad- 
dition, a series of 8 rats was run to confirm the simultaneous degeneration of mammalian 
(monkey and cat) sciatic nerves described by Hoinbeckcr, Bishop, and O’Leary (1932). 



Fig. 1. Kymograph records of gastrocne- 
mius twitches caused by stimulation of a 
normal sciatic nerve with submaximnl shocks 
(secondary at 13 cms., 5° from vertical), 
showing the shunting effects of branches. 

1. Tibialis nerve central to muscular 
branch. 

2. Tibialis nerve peripheral to muscular 
branch. 

3. Same as 1, after stripping back muscu- 
lar branch. 

4. Same as 2. 

Results 

When adequate stimuli are applied to various points along the sciatic 
nerve, the gastrocnemius contracts to the same degree for all electrode posi- 
tions. The contrary findings of Parker, indicating centrifugal degeneration, 
seem due to the use of stimuli which were partly submaximal for one of three 
reasons. 

The motor fibers do not run together as a bundle in the center of the sciatic 
nerve, but rather pass from a loose accumulation of fibers on the dorsal side 
of the nerve in the proximal stretch to a denser group on the medial-ventral 
side more distally (Kurkowsky, 1935). With the secondary coil at 13 cms. 
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and 5 from, the vertical, a stimulus is delivered which is not strong enough to 
excite all the motor fibers unless the electrodes are placed directly on them. 
It is clear that stimuli which are adequate in one region of the nerve may not 
be so in another. Further, the eccentric course of the motor fibers makes any 
twisting of the nerve upon the electrodes of extreme importance. Finally, 
still with submaximal stimuli, confusing results are obtained when the fiber 
distribution is altered by branches leaving the main trunk between different 
regions of stimulation. 

These points are illustrated by results on a normal nerve. With stimuli of 
the strength indicated, the contraction was less with electrodes on the hip 
region of the nerve than when they were at the knee, while with stronger 
stimuli the responses from both regions were equal (Fig. 1). This is the result 
Parker (1933) obtained on a degenerating sciatic nerve. In these experiments, 

TABLE 1 


Protocol of contraction heights of muscle twitches resulting from stimulation of degenerating 
frog sciatic cut eight days previous to experiment. Temperature 12°-14°C. 



! Stimulus position 

Stimulus strength j 

Hip 

Middle 

Knee 

- 

Over 1 

Under 

Over j 

Under 

Over 

Under 

Weak (13 cm., 70°) 

(14)-" 

52 

65 j 

30 j 

60 j 

75 

Medium (13 cm., 0°) 

33 

90 

83 

(78) | 

(86) 

(95) 

Strong (9.5 cm.) 

[ 100 

100 

100 

100 

100 

100 


1 Over indicates electrodes were held on top of nerve; under indicates electrodes were 
held under nerve: in both cases, without regard for true dorso-ventrality of the nerve 
trunk. 

2 Numbers give contraction height in per cent maximal. Those in parentheses indicate 
proportionate values interpolated from duplicate experiment. 

also, with weak stimuli peculiar responses can be obtained from various nerve 
levels (and with twisting of the nerve), whereas with adequate stimuli, the 
responses from all levels of the nerve are the same (Table 1). There is especial 
danger of using inadequate stimuli on a degenerating nerve because there is a 
progressive increase in threshold from day to day. (This is independent of the 
decreased response to a maximal stimulus as more and more fibers become 
fully inactive.) But when adequate stimuli are used, muscle twitches of con- 
stant height result from stimulation at any level of the nerve. Further, the 
rise in threshold, increase in fatiguability, and falling off of contraction all 
progress with the duration of degeneration simultaneously along the entire 
cut nerve. 

Current spread from a less excitable central region to a more excitable 
peripheral one is ruled out by the following experiment: with continued stimu- 
lation at H, the muscle response falls to zero due to local nerve fatigue. 
Stimuli applied at K are still fully effective at this time. With rest, H stimuli 
recover their full action. Clearly no significant stimulus spread could occur. 
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Complete loss of indirect excitability occurred about the thirteenth day at 
18°-20°C.; about the seventeenth day at 12°-15°C. (Table 2), in the frogs. 
In the rats (male albino), loss of indirect excitability took place between 50 
and 70 hours after operation. 

The peculiarities in motor fiber distribution do not significantly influence 
the oscillograph records. It was found that action potentials declined with time 
and disappeared simultaneously at all points along the degenerating nerve, as 
has been clearly shown also by Titeca (1935). 

With adequate stimuli, then, and regard for anatomical peculiarities of 
the nerves, physiological tests show that functional degeneration occurs simul- 
taneously throughout a cut, degenerating, peripheral nerve. 

TABLE 2 


Loss of indirect excitability of gastrocnemius with increasing period of 
degeneration of cut sciatic 


Temperature 

18°-20°C. 

12“-15°C 

Number of frogs 

41 

19 

Days since cut 


— 

+ 

- 

2- 8 

16 

0 

2 

0 

9 

3 

0 

2 

0 

10 

2 

0 



11 

1 

0 

2 

0 

12 

3 

0 



13 

2 

1 

2 

0 

14 

0 

3 



15 

0 

1 

2 

0 

16 

0 

3 

2 

0 

17-20 

0 

6 

0 

7 


-f Indicates visible response to stimulation 

— Indicates lack of visible response to stimulation, starting with weak stimuli, and 
ending with coil distance of 6 cms 


The histological findings also agree, for, as Ranson, Cajal, and others have 
emphasized, when the region of traumatic degeneration near the plane of 
section of a peripheral nerve is eliminated from consideration, degeneration 
of the myelin sheaths proceeds in all parts of the nerve at once. An incomplete 
histological examination of degenerating nerve, however, can be very mis- 
leading. In different fibers at one level, nodes may vary from normal to com- 
pletely degenerate; but in one individual fiber, though the condition is not the 
same at all levels, the variation from place to place is much less than that from 
fiber to fiber at one level. Fig. 2 was taken from a nerve cut four days previ- 
ously, hence too early for observing progressive degeneration. It is obvious 
that the nodes of the three figured axones are different — varying from the 
essentially normal condition in fiber c to the moderate degeneration of fiber a, 
shown by the widened node, clearly visible axis cylinder, and beginning myelin 
globule formation. In like manner, the intemodes at the level of the Schwann 
cell nucleus are respectively normal or fragmented. The signs of degeneration 
were equally present throughout a 9 mm. length of fiber a (teased out), and 
absent throughout a similar length of c. 
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tion of the nodes is not the same in individual- 
fibers: in fiber a, the nodes are approximately 
the same throughout 8 mm. — there was no 
gradation towards the more normal node of 
fiber c. Fiber b represents a somewhat inter- 
mediate stage. 

Drawings made with camera lucida on 
Zeiss microscope, from preparations stained 
with Sudan III-haematoxylin. In all cases, 
magnification is 800 X. 



Fig. 3. FOSC 1. Left sciatic cut 13 days pre- 
viously. T = 1 8°-20°C.c is 4 cms.from cut end; 
b is 5.3 mm. from a on the same fiber; c is in- 
termediate between the two. It is usually held 
that the smaller the myelin segments, the 
more advanced the degeneration. This, then, 
could not be centrifugal progressive degen- 
eration. Essentially the same condition was 
found 8.4 to 9 mm. from a. 
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A nerve degenerating at 18°-20°C. for thirteen days, still conducting 
sufficiently to cause muscle contraction, was examined for a cm. length. 
4 cms. from the cut end, as Fig. 3 shows, there is still relative uniformity of 
degeneration, at a stage much more advanced than that shown in Fig. 2. In 
no case were fibers found with great fragmentation at one end, and normal 
appearing segments at the other. It should be emphasized that isolated fields 
containing different fibers give erroneous impressions unless sufficiently large 
numbers of fibers are counted. Heinbecker, Bishop, and O’Leary (1932), who 
made adequate counts, pointed out (p. 7): " . . . the occurrence of undoubted 
degenerative changes in a variable number of fibers observed in histologic 
sections is not a true index of the state of the nerve as a whole.” This was not 
considered by Parker and Paine (1934) in their work on the lateral line nerves. 
The necessity for observing large numbers of fibers on a statistical basis was 
obviated in this study by teasing fibers and groups of fibers so that they could 
be followed for comparatively long distances. 300-400 fibers were teased from 
the frog nerves cut 12-16 days previously, and in no case was progressive 
degeneration observed: on the contrary, similar degenerative changes were 
found at widely separated regions of the same fiber. 

Discussion 

Loss of indirect excitability might be due to a failure at the end plates or 
to breaks in the functional continuity of the motor axones. If the motor end 
plates degenerate prematurely so that even when axones still conduct, block 
occurs at the neuro-myal junction (Tello, 1907; Titeca, 1935; Holobut and 
Jalowy, 1936), then no conclusive statements regarding progressive degenera- 
tion in nerve can be drawn from muscle twitch experiments. It would be 
impossible to obtain twitches from stimulation of one nerve region and not 
from others, as claimed by Parker. If, however, the motor axones degenerate 
first, or simultaneously with the end plates, then the simultaneous loss of 
indirect excitability along the nerve trunk is positive evidence of a non- 
progressive degeneration. Only if axones degenerate first and progressively as 
described by Bethe (slow progression from the cut end, starting immediately 
after the injury) or by Parker (progressive degeneration found only between 
12 and 16 days after injury) could a centrifugal loss of indirect excitability 
result. Since both requirements are refuted by the facts presented, this may 
be excluded. 

It is clear that a definitive answer to the question of the progress of de- 
generation in nerve must rest on analyses within the nerve itself to exclude 
the end-plate complication. Action potential studies, of nerve function, have 
been unanimously against progressive degeneration; and histological ones, of 
nerve structure, predominantly so. 

One hypothesis as to degeneration posits that some chemical substance, 
arising in or near the nucleus, is transmitted to the rest of the nerve fiber, and 
that it is the lack of this compound (or compounds) which causes degenera- 
tion. The "chemical theory” is compatible with either simultaneous or pro- 
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gressive degeneration, depending on the subsidiary assumptions made; and 
although Parker and Paine (1934) used it as support for their observation of 
progressive degeneration in catfish nerve, Bethe (1903), long an adherent of 
the progressive degeneration theory, rejected the chemical theory for, to his 
mind, it left no alternative but simultaneous degeneration. This theory was 
first proposed by Goldscheider in 1894. It has recently been supported and 
amplified, as against a theory requiring constant passage of trophic impulses, 
by Cook and Gerard (1931) and Gerard (1932), who observed that increased 
activity of severed mammalian nerve caused a more rapid degeneration; and 
similar results were obtained on frog nerve in vitro by Abrams and Gerard 
(1933). Torrey’s (1935) observations on the temperature coefficient of de- 
generation in frog nerve also supports such an hypothesis. Plausible means 
for the sufficiently rapid spread of chemicals along nerve fibers have been 
suggested (Gerard, 1932; Abrams and Gerard, 1933; Parker and Paine, 1934). 
The nature of the essential substance has been speculated about (Marinesco, 
1930, and others), and Minea (1932) has reported a slowing of degenerative 
processes in rabbit nerve by injections of lecithin and antilipase sera. Cer- 
tainly the axone, with its independent blood supply, furnishes an admirable 
test object for studying substitutes for the nuclear influence. 

Summary 

The cut left sciatic nerves of leopard and wood frogs kept at 18°-20°C. 
lose the capacity to transmit impulses to their attached gastrocnemii 13-14 
days after section. This loss, measured by muscle twitch height, occurs simul- 
taneously throughout the length of the peripheral stump. At 12°-15°, the 
physiological degeneration is not complete until the seventeenth day after 
the cut. 

Action potentials from these nerves decline and disappear simultaneously 
throughout the length of the nerve as degeneration progresses. 

Histological examination of teased out fibers of degenerating nerves with 
a modified Sudan III-haematoxylin stain, shows no linearly progressive 
myelin degeneration. 

Discrepant findings by others can be accounted for in terms of the use of 
stimuli which were inadequate in view of the presence of branches and of the 
irregular distribution of motor fibers in the frog sciatic, and to failure to elimi- 
nate the area of traumatic degeneration at the cut end of the nerve. 

These results have been confirmed in rats, where the loss of indirect ex- 
citability occurs from 50-70 hours after section. This conforms with the re- 
sults of Heinbecker, Bishop, and O’Leary on various nerves in cats and mon- 
keys. 

I wish to thank Dr. R. W. Gerard for his invaluable suggestions and criticisms. Thanks 
are also due Mr. F. Offner for his gracious assistance with the electrical apparatus. 
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I. Introduction 

Recently the relationship of the cerebellum to the activity of the cerebral 
cortex has been stressed by experimental and clinical (Walshe, 8) studies. 
Rossi (6) (confirmed by Bremer, 2) showed that simultaneous stimulation of 
a lateral lobe of the cerebellum rendered a previously infraliminal stimulus 
capable of producing a motor response from the contralateral cerebral cortex. 
Fulton and his associates (1, 5) have shown experimentally the importance 
of the cortex in the genesis of the cerebellar disturbances. Anatomical studies 
have indicated the structural basis for these physiological phenomena by 
demonstrating that the main efferent connection of the cerebellum of primates 
is with the contralateral motor and premotor areas through thalamic relays. 
In view of these advances, it seemed probable that, if the cerebellum played 
an active role in the functioning of the cerebral cortex, changes should occur 
in the action potentials of the motor areas with cerebellar stimulation. 


II. Methods op Investigation 


The isolated encephalon of the cat, a preparation introduced by Bremer (3), 
has been used for all the experimental procedures. The preparation is simply 
made, and once established, no further anaesthetic is necessary. Under ether 
anaesthesia the posterior neck muscles are scraped from their insertions on 
the occipital bone to expose the arch of the atlas and the foramen magnum. 
The intervertebral ligaments and dura between these are incised, bringing 
into view the lower part of the medulla. With a blunt spatula the exposed 
medulla is completely transected at approximately the obex. At the time of 
transection the animal should be deeply anaesthetized to prevent undue 
shock. Artificial respiration is maintained for the remainder of the operation. 
A small dose of ephedrine (0.01 gm. per kilo) increases the blood pressure, de- 
pressed as the result of lowered vasoconstrictor tone, and insures a good en- 
cephalic circulation. The cerebellum, on one or both sides, and the cerebral 
cortex are exposed in the usual manner and cortical potentials led off by one 
or two pairs of electrodes (5-6 mm. apart) placed indirectly upon the cortex 
and recorded after amplification by the Matthews or Dubois oscillograph. 
Small electrodes connected to the secondary coil of an inductorium, the pri- 
mary of which is in series with a two volt battery and a key, are used for 
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bipolar stimulation of the cerebellar cortex. The frequency of stimulation var- 
ies from 12 to 25 break shocks per second. The strength of excitation is gen- 
erally about that necessary to obtain a motor response from stimulation of 
the cerebral cortex. Both the stimulating and receiving electrodes are firmly 
attached to the calvarium by wax, so that slight movements of the head do 
not introduce an artefact. All experiments were carried out in a completely 
shielded room; the inductorium was separately shielded. 

III. Experimental Results 

Faradic stimulation of the cerebellum, especially the cerebellar hemi- 
spheres, produces changes in the cortical potentials obtained from the motor 
areas and to a lesser extent from the parietal and temporal regions. These 
alterations consist of an increased frequency and amplitude of the cortical 
waves. Usually the change is striking and not at all to be confused with the 
unavoidable artefact introduced by spread of potential from the stimulating 
electrodes. The response usually is initiated by a wave which at times so 
closely follows the artefact that they seem to be almost synchronous, but 
which reaches its acme much slower than the spike of the artefact. It is of 
greater amplitude than the normal cortical waves. Usually smaller secondary 
waves are present. Their frequency is definitely greater than that of the nor- 
mal cortical activity, the increase varying between 25-50 per cent. These ef- 
fects appear immediately without a delay. In some cases they may augment 
during the first second of stimulation. Following the stimulation the large 
waves cease immediately, but the cortical activity may not regain its normal 
rhythm for a half or one second. During this interval the waves are of greater 
frequency and smaller amplitude than normal. Another feature may superim- 
pose upon this response. During spontaneous sleep, which was frequently the 
state of the animal, the cortical rhythm is punctuated every few seconds by 
spontaneous bursts of activity. Cerebellar stimulation may augment the num- 
ber, intensity and duration of such bursts (Fig. 2 A). Auditory stimuli give 
rise to similar changes of the cortical potentials led from the temporal lobe 
(Bremer, 4). 

It has not been possible to facilitate the response by repeated stimulation 
of the cerebellar cortex at small intervals, nor has it been possible to tire or 
fatigue the response similarly. 

These responses to cerebellar excitation may be readily obtained from the 
motor cortex surrounding the cruciate sulcus and extending posteriorly along 
the midline. In only three of twenty-one experiments was cerebellar stimula- 
tion ineffective, probably due to the poor general condition of the animal. 
Responses may be obtained to a lesser degree from the parietal and temporal* 
cortex. Although less distinct and requiring a slightly greater strength of 
stimulation, such responses present the same characteristics as those obtained 
from the motor area. Cerebellar stimulation caused no alteration in the po- 

* The differences in the resting or normal cortical rhythms of the frontal, parietal and 
temporal cortex, as pointed out by Kornmuiler have been constantly a striking feature. 
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Fic. 1. A and B (cat No. 10) Stimulation of right cerebellar hemisphere with secondary 
coil of the inductorium at 22.5 cm. 

A. Leads from the left cruciate sulcus (point 2). 

B. Leads from left parietal cortex (point 3). 

C. D and E. (cat No. 11) lead I (upper) from right cruciate sulcus: lead II from left 
cruciate (points 1, and 2). 

C. Stimulation of the right cerebellar hemisphere along the intercrural fissure (second- 
ary coil at 23 cm.). 

D. Stimulation of same point as C, but right superior cerebellar peduncle sectioned 15 
min. previously (secondary coil at 23 cm.). 

E. Stimulation of left cerebellar hemisphere along the intercrural fissure (secondary 
coil at 25 cm.). 

F and G. (cat No. 5) Cortical lead from the left cruciate sulcus (point 2). 

F. Stimulation of the lateral portion of the right inferior ansiform lobe (point 6). 

G. Stimulation of the right inferior ansiform lobe 3 mm. medial to the point stimulated 
in A and near the vermis. Secondary coil of the inductorium was set at 26 cm. for 
F and G, which were taken within 1 min. of each other. (Cont. on p. 19.) 
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tentials led from the cortex of the occipital lobe other than the spike produced 
by the spread from the exciting electrodes in the only two cases so studied. 

The changes may be markedly diminished or abolished by local application 
of novocaine or ice to the cerebellar cortex. Under such circumstances al- 
though the cortical activity remains normal, cerebellar excitation produces 
very slight, if any, alteration in the cortical rhythm. The influence of the 
artefact alone may thus be seen (Fig. 2 B). If the effect of these depressing 




Fig. 2. (cat No. 16) Lead I (upper) from just inferior to the tip of the left cruciate sul- 
cus, and lead II from slightly inferior and posterior to the left coronal sulcus. Stimulation 
of the right inferior ansiform lobe with the secondary coil of the inductorium at 24 cm. 

A. Control record to show the response to stimulation. 

B. Record taken after five minutes application of ice to the cerebellar cortex. 

C. Record taken eight minutes later to show the response again. 

agents is allowed to pass off, stimulation of the cerebellum once more pro- 
duces marked alterations in the cortical activity (Fig. 2). Following applica- 
tion of 2 per cent novocaine to the cerebellar cortex, strengths of stimulation 
formerly producing a good response are no longer effective, but stronger ex- 
citation may give rise to changes in the cortical potentials. This is not un- 


In all records the sensibility of the oscillograph was 20 mm. for 100 uv. The time 
marker signalled 1 sec. intervals. In a few of the earlier experiments owing to mechanical 
difficulties, there was a slight delay between the signalling of the closure of the secondary 
circuit of the inductorium and the onset of excitation. This gives the false impression of a 
latent period (Fig. IF). 
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expected for such strong stimuli must reach the deep cerebellar nuclei which 
are not affected by the local anaesthetic. 

Abolition of the cortical activity by asphyxiation, readily carried out in 
the isolated encephalon by discontinuing artificial respiration, prevents a re- 
sponse to cerebellar stimulation. The only effect of such excitation is a series 
of spikes produced by the spread of potentials from the stimulating elec- 
trodes. If artificial respiration is resumed the activity of the cerebral cortex 




Fig. 3. (cat No. 18) Lead I (upper) from the inferior part of the left cruciate sulcus, 
lead II from the cortex immediately superior and posterior to the coronal sulcus on the 
same side. Excitation of the inferior ansiform lobe (right) with the secondary coil of the 


inductorium at 23 cm. 

A. Control record to show the response from these two leads. 


B. Record after three minutes asphyxia. 

C. Record taken three minutes after B, and two 


minutes after the resumption of artifi- 


cial respiration. 


rapidly returns and cerebellar stimulation will again produce a response 


(Fig. 3). 

The application of strychnine to the cerebellar cortex has failed in two 
instances to produce alterations in the cortical activity. 

Section of the superior cerebellar peduncle in the two experiments studied 
has abolished the response obtained from stimulation of the same side of the 
cerebellum without altering the effect of exciting the opposite hemisphere. 
In these cases leads were taken simultaneously from both motor areas along 
the cruciate sulcus. The effect of cerebellar stimulation is thus shown to be 
not strictly unilateral, a weak response being present in the ipsilateral motor 
cortex (Fig. 1, C, D, and EL 
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The response varies with the point of the cerebellar cortex stimulated. 
Excitation of the vermis does not give any response at times, and at best, it 
does not give rise to nearly so pronounced changes in the cortical activity as 
excitation of the cerebellar hemispheres. Within the latter are optimal places 
for producing a response in any particular point of the cerebral cortex. How- 
ever, the results of such studies have not been sufficiently constant to warrant 
a statement regarding cerebellar localization. In general better responses are 
obtained when the exciting electrodes span the small sulcus between the 
superior and inferior ansiform lobes (fissura intercruralis) than when either 
the superior or inferior lobe is stimulated alone. 

The method of preparing the animal does not allow coincidental observa- 
tions on the effect of cerebellar stimulation on the posture of the extremities. 
Changes in the cortical potentials may occur quite independent of eye move- 
ments, which are readily elicited from the anterior part of the cerebellum in 
this preparation. 

IV. Discussion 

The increase in the cortical activity subsequent to excitation of the cere- 
bellar hemispheres probably represents a normal function of the cerebellum. 
Certainly the fact that the changes are abolished when the activity of the 
cerebellum is arrested by novocainization, or the local application of ice, or 
its main efferent pathway interrupted by section of the superior cerebellar 
peduncle is ample evidence that they do not represent artefacts introduced 
by the potentials of the stimulating electrodes. Because the cortical activity 
does not appear to be altered by removal of the cerebellar influence by any of 
these methods it may be assumed that in the cat the cerebellum, while 
physiologically at rest, does not add a perceptible factor to the cortical 
rhythm. It is possible that this may be correlated with the fact that hypotonia 
is not a prominent sign following removal of the cerebellum in this animal. 
The fact that the cerebellum is able to increase the activity of the motor areas 
leads to the supposition that the former is exerting a stimulating influence on 
the cerebral cortex. There is, however, no reason to suppose that this influence 
is sufficient to produce the specific response of the motor cortex, rather it 
would appear merely to sensitize the cortex so that it might be activated by a 
minimal stimulus. In other words it serves to lower the threshold of excitation 
of the cerebral cortex. Thus one would expect that subthreshold stimuli would 
produce motor responses when the cerebellum was simultaneously stimulated. 
This Rossi (6) has shown is precisely what happens. 

The fact that the effect is most pronounced in the motor cortex is not sur- 
prising in view of previous anatomical (Walker, 7) and physiological (Aring 
and Fulton, 1) studies. It is possible that the response may be entirely con- 
fined to the motor cortex in animals in which the cerebral cytoarchitecture is 
better differentiated, such as in the monkey, ape and man. 

It is probable that both the cerebellar cortex and deep nuclei of the cere- 
bellum take part in the production of this stimulating influence, for although 
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local application of novocaine abolishes the effect of weak stimuli, stronger 
ones produce a response. It is likely that this latter effect is due to excitation 
of the deep cerebellar nuclei. The efferent pathway is by way of the superior 
cerebellar peduncle to the thalamus. Another neurone then projects to the 
motor areas of the cerebral cortex. This pathway has been clearly demon- 
strated anatomically in cat, monkey and anthropoid ape. 

That the effect is mainly obtained from stimulation of the neocerebellar 
parts is not unexpected in view of the anatomical, physiological and clinical 
evidence that neocerebellar function is largely dependent upon the integrity 
of the cerebral cortex. Comparative anatomy has taught that the cerebellar 
hemispheres develop pari passu with the elaboration of the cerebral cortex. 
Fulton, Liddell and Rioch (5) and Aring and Fulton (1) have shown that cere- 
bellar tremor, essentially a sign of neocerebellar dysfunction is greatly dimin- 
ished or absent following ablation of the motor cortex. 

The neocerebellum is not entirely concerned with the cerebral cortex. 
Undoubtedly it plays an important role in association with the parvicellular 
part of the red nucleus and the rubroreticular tracts. In ascending phylogeny, 
however, the neocerebellum is more and more functionally related to the 
cerebral cortex, especially to the motor and premotor areas. 

The significance of this cerebellocerebral relationship is to be found in an 
analysis of the disturbances resulting from lesions of the cerebellum. Bremer 
in a recent excellent survey of the subject concludes as follows (2, p. 126): 
"L’analyse du syndrome de deficit neo-cerebelleux et la consideration des 
connexions cerebello-cerebrales nous amene done a formuler l’hypothese que 
les trois elements de ce syndrome, 1’asthenie volontaire, l’hypotonie muscu- 
laire et les anomalies des temps de reaction volontaire, sont l’expression d’une 
seule et meme perturbation fondamentale: le defaut de tonus, 1’asthenie, des 
mecanismes moteurs cortico-bulbaires et cortico-spinaux prives d’une action 
dynamogenique cerebelleuse.” Such a cerebellar action is well confirmed by 
the present investigation. 

The absence of this cerebellar dynamic influence increases the threshold 
of the cerebral cortex, and in higher primates at the same time releases the 
peripheral musculature from that slight cortical stimulation which is probably 
the basis of normal tone. In these circumstances the cerebral cortex must be 
set into action by an abnormally strong excitation, one which on account of 
its abnormal strength is apt to produce a response of too great or too little 
intensity. The lack of tone of the peripheral musculature introduces another 
disturbing factor. When this is summated by the same abnormal reaction of 
the antagonists which normally modulate the activity of the agonists, a physi- 
ological basis for the ataxia, tremor and dysmetria seen in cerebellar lesions is 

apparent V. Summary 

1. Excitation of the cerebellar hemispheres produces a marked increase in 
the amplitude and frequency of the cortical action potentials from the motor 
areas of the cat. 
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2. Section of the superior cerebellar peduncle abolishes the response of the 
contralateral motor cortex but a slight change in the potentials of the ipsilat- 
eral motor cortex may still be elicited. 

3 From these experiments it is concluded that the cerebellum especially 
the neocerebellum exerts a stimulating influence upon the cerebral cortex, 
which may be the mechanism through which the cerebellum normally main- 
tains a coordinating influence upon volitional movement. 

The generous kindness and encouraging criticisms of Professor Fr Bremer, under 
whose direction this work has been carried out, have been greatly appreciated I would 
also like to thank M Tirabassi for technical assistance with this research 
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When a person goes to sleep, the pattern of his brain potentials alters sys- 
tematically. Five clearly defined stages have already been described (Loomis, 
Harvey, and Hobart, 1937) as follows: 

A interrupted alpha: the normal waking 10-per-second rhythm dominates the pattern 

B — low voltage: the alpha rhythm is lost 

C' spindles: short groups ("spindles”) of 14-per-second waves appear and also random 

"delta”*' waves 0.2 second or more in length 

D- — spindles plus random : both types of wave increase in voltage and the delta waves 
become longer 

E— random: the 14-per-second waves become inconspicuous, but delta waves continue 
to increase in voltage and wavelength 

We have now investigated the finer details of the A and B stages, and are able 
to relate alterations of the electrical pattern of the brain to signals given by the 
subject which are based upon changes in his state of consciousness. Such a 
correlation is of great interest from the point of view of psychophysiology, 
for it unites a subjective with an objective aspect of brain function. 

Method 

The experiments to be described were carried out in the Loomis Labora- 
tory. We employed the amplifiers, the ink-writing oscillographs, the auto- 
matic recording drum and accessory apparatus, which have been in use in 
this laboratory for some time (Loomis, Harvey, and Hobart, 1936). In addi- 
tion we employed the portable two-channel ink-writing electroencephalograph 
and associated amplifiers which are in routine use in the Department of Physi- 
ology of the Harvard Medical School. These were designed and constructed 
by Mr. A. M. Grass, f The two sets of instruments on direct comparison 
proved to be almost identical in their characteristics. The only exception is 
the electrical filters. The Loomis filters are quite sharply tuned and select 
one frequency rather specifically from the medley of brain activity. The 
Harvard filters, on the other hand, are much more broadly tuned i and can be 
legitimately compared to combinations of high-pass and low-pass filters, 
leaving a band of a third of an octave or more which is passed with relatively 

* Following the suggestion by Walter (1936) we employ "delta” as a generic term to 
designate brain-potential waves whose wavelength is 0.2 second or longer. They may or 
may not be rhythmic in sequence. 

f The work of the Harvard group has been materially aided by a grant from the 
Josiah Macy, Jr. Foundation. 

t The higher the frequency to which one of these filters is tuned, the sharper is the 
tuning. The sharpness may be expressed as the ratio of the frequency at which the ampli- 
tude of a sine wave is 1 what it is at the center of the band to the frequency of the center 
of the band. For 3 per second this ratio is 2.7; for 10 per second, 1.4; and for 14 per second, 
1.3. 
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little distortion. Each type of filter has proved of particular value for par- 
ticular purposes. 

Two signal pens connected in parallel write upon the drum and the tape, 
respectively. They are connected to a push-button operated by the subject, 
or to a mercury contact switch driven pneumatically by a rubber bulb held 
by the subject. (The rubber bulb was introduced to eliminate a rather trouble- 
some electrical artifact which emanated from the push-button and its 
grounded shield.) 

Small metal electrodes were attached in standard positions on the heads 
of the subjects as follows: (1) Vertex; in the midline directly on the top of the 
head on a frontal plane through the two auditory meatuses. This point is 
over or near the sensorimotor area of the legs. (2) Occiput; in the midline 
about 2 cm. above the inion. This point is over the visual area of the brain. 
(3) and (4) The right and left mastoid processes or the right and left ear lobes. 
Points 3 and 4 were used either singly or connected in parallel, as reference 
electrodes common to all of the recording circuits. We shall speak of electrical 
activity at the vertex or occiput when we mean, strictly, the electrical po- 
tential appearing between vertex or occiput and these ear electrodes. The de- 
gree of unlikeness which appears between simultaneous occiput and vertex 
records shows that it is safe to assume that not more than 10 per cent of the 
electrical activity is due to potential changes of the ear electrodes, except 
perhaps in the stage of deep sleep. 

Two types of electrode were used in different experiments — (1) a small 
flat coil of silver wire and (2) a flat drop of solder in which the end of a copper 
lead-off wire is imbedded. No systematic difference between the results ob- 
tained with these two types of electrode could be determined. Much more 
important than the type of electrode was the state of the subject’s skin and the 
firmness of mechanical contact. Electrical contact was made with Sanborn 
Electrode Paste and the electrodes were held in place by collodion. It is not 
difficult to obtain satisfactory electrical and mechanical contact with the scalp 
without even cutting a hair. 

The subject lay comfortably on a bed in a darkened room. A steady noise 
from an electric fan provided a constant auditory background and masked 
accidental noises from other parts of the laboratory. The subject was in- 
structed to settle down for an afternoon nap or for the night’s sleep, as the 
case might be, but to signal by squeezing the bulb once whenever he realized 
that he had just "drifted or floated off” for a moment. The subjective aspect 
of this "drifting” or "floating” on the borderline of sleep varies with different 
individuals and will be described in detail below. The subject was also in- 
structed to signal twice if he felt that he had just awakened from "real 
sleep.” Most of our subjects drew a definite distinction between these two 
experiences. If the subject was still awake after he had given ten or fifteen 
signals, the experimenter entered the room and obtained from him a descrip- 
tion of the subjective experiences indicated by the signals. If he fell asleep as 
deeply as the C stage, it was sometimes necessary to awaken him deliberately. 
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Results 

We have carried out twenty-eight experiments on fourteen different sub- 
jects. Three experiments were inconclusive as to any psychophysiological 
correlation, as the subjects gave no signals. In one case the subject fell im- 
mediately asleep without "drifting/’ and in the other two the subjects were 
unable to relax sufficently to reach the "drifting” stage. Five other experi- 
ments were qualitatively positive, but are not considered in detail because of 
technical differences or inadequacies which make it impossible to compare 
them in detail with the main series. In the remaining twenty experiments 
satisfactory records and signals from eleven subjects were obtained. For pur- 
poses of exposition, we shall disregard for the moment the signals from the 
subject and first describe the typical onset of sleep in terms of electrical ac- 
tivity of the brain. 

The onset of sleep. We can distinguish several fairly well-defined steps in 
the approach and onset of sleep. These steps are not to be confused with the 
stages A, B, C, etc., of Loomis, Harvey, and Hobart, but represent a more 
refined analysis of stages A and B. 

As a subject "settles down” his alpha waves may first increase slightly in 
voltage and regularity, but in subjects who have a steady alpha rhythm, a 
modulation of the alpha waves soon appears, i.e., the alpha waves systemati- 
cally increase and decrease in voltage. The period of this modulation is several 
seconds and is sometimes quite rhythmical. The maximal amplitude of the 
alpha waves also tends to be reduced. Many individuals show a similar modu- 
lation of the alpha waves even when fully awake, and in such an individual 
the trains of alpha waves become shorter and the voltage lower as he becomes 
drowsy. 

The second step is complete interruption of the alpha rhythm for periods 
of 1 to 5 seconds. Sometimes the alpha activity does not disappear entirely 
during these gaps, but the waves become small and irregular both in shape and 
frequency (Fig. IB and C). A sharply tuned filter fails to respond to them. 

The third step is that the interruptions of alpha activity become longer, 
although at the end of each gap the alpha waves return quite suddenly, usu- 
ally with their normal maximal amplitude. At this stage an increase in voltage 
of the longer, random, delta waves can first be clearly identified. The delta 
waves appear during the gaps in alpha activity. Most individuals show some 
slow waves of low voltage at all times as a slight irregularity of the baseline, 
but in the stage in question slow waves appear singly or in groups of three or 
four, sometimes quite rhythmically at a frequency of 4 or 5 a second, with a 
voltage of approximately 50 microvolts (Fig. ID). The delta waves tend to be 
larger and more easily identified at the vertex than at the occiput. The changes 
in alpha activity, on the other hand, are most clearly discerned in the occipi- 
tal record. ^ A , 

Some individuals have little or no alpha activity m the waking state, but 
have instead many shorter, sharper waves of 50 to 60 msec, in wavelength 
which appear irregularly or in brief trains. When they are regular enough to 
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constitute a definite frequency it is usually 17 to 20 per second (Fig. 2B). 
These waves are clearly quicker than alpha waves and they do not disappear 
when the eyes are opened, yet they are slower than the waves which generally 
have been designated as "beta” waves, namely, those with frequencies above 
20 per second (Berger, 1929, 1930, 1934). In their general characteristics they 
seem more nearly akin to beta than to alpha waves. They are more prominent 
at the vertex than at the occiput. A generic term for these waves would be 
convenient, but it seems wiser to defer assigning a Greek letter or other 
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Fig 1 Six sections from the record of a subject going to sleep and signaling "floating ” 
The upper line of each record shows potential changes at the vertex (V), the lower, at the 
occiput (0), with reference to the ears Upward deflection means O or V negative to ears 
Time scale and amplification are constant throughout as shown in the figure A Normal 
record of the subject awake B, C, D, E "Floating” with signals from the subject on 
rousing Drosiness is increasing throughout this series Note in B that the alpha waves 
disappear at the occiput before they disappear at the vertex Note that in C the subject’s 
signal precedes the return of alpha waves F Heal sleep, entering the C stage, with waves 
at 14-per second and 12-per second in addition to large delta waves The largest delta 
waves appear square-topped because the limit of the linear range of the recording system 
has been reached The actual voltage of these waves is at least 150 microvolts 


specific designation to them until more is learned of their significance and 
relationships In this paper we shall refer to them as "quick” waves, and re- 
serve "beta” for frequencies above 20 per second and wavelengths of 50 msec, 
and shorter. 

Three individuals in our series, whose waking records are dominated by 
these quick waves, show the usual increase in delta waves with the onset of 
sleep. As drowsiness increases, there is a general reduction in voltage and 
usually also in the average frequency of the quick waves. The quick waves 
do not cease entirely , and, inasmuch as they are often quite irregular even m 
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the waking state, there is no abrupt loss of regularity such as we find in the 
typical alpha waves. 

The fourth step in the onset of sleep shows an increase in the wavelength 
of the delta waves which appear during the gaps of alpha activity. Alpha 
waves, when they appear at all, show a slower frequency than the individual’s 
normal waking rate (Fig. 2C). The slowing usually amounts to 10 per cent, 
and may be as much as 20 per cent. The slowing is not uniform, however, for 
immediately following a gap, when the waves first return, they are accelerated 
by as much as 10 per cent above the waking frequency and then progressively 
slow down to 9 or 8| per second before the next interruption. The temporary 
acceleration is particularly evident if the subject has given a signal and it is 
very similar to the acceleration which often occurs when the subject opens his 
eyes for a few seconds and then closes them again. The slowing of the alpha 
rhythm below its normal frequency is a characteristic phenomenon associated 
with the approach of real sleep, although it may not be very evident if an in- 
dividual goes directly into deep sleep without lingering in the intermediate 
"floating” stage. 

The fifth step is characterized by the complete loss of alpha waves and by 
the appearance of delta waves of 150 microvolts or more (Fig. IF). If the delta 
waves are rhythmic, as is frequently the case, the most characteristic fre- 
quency is 4 per second or a little slower. We shall see later from the subjective 
reports of the subjects that this stage should be regarded as probably real 
sleep. 

The next stage, which is certainly sleep, corresponds to the C stage of the 
original classification (Loomis, Harvey, and Hobart, 1937) and is identified 
by the appearance of characteristic brief trains ("spindles”) of waves at 14 
per second and 50 microvolts or more in voltage (Figs. IF, 2F and 2G). 
In this stage there is a still further increase in the average voltage of the delta 
waves and also an increase in their average wavelength. 

If we compare the preceding description of the alpha waves with the 
original classification of the A, B, and C stages of sleep, it appears that the 
A and B stages alternate with one another for a time as the subject goes to 
sleep. This description is incomplete, however, for, although there is a fluctu- 
ation between alpha activity and absence of alpha activity (which we shall 
find is correlated with temporary subjective changes in the state of conscious- 
ness of the subject), there can nevertheless be traced a general trend under- 
lying these briefer fluctuations. Tins trend appears as a lengthening of the 
periods of absence of alpha activity, as a progressive slowing of the alpha 
rhythm, and also as an increase in voltage and average wavelength of the 
delta waves when they appear. The general trend is associated with increasing 
drowsiness of the subject. On this general trend is superimposed a series of 
fluctuations of some other factor, which is expressed by the intermittent out- 
bursts of alpha activity. 

As a rule, alpha activity and delta activity are inversely related, that is, 
delta activity tends to appear only when alpha activity is suppressed. This is 
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true in general, but it is important to note that the rule is not invariable. 
Particularly in the very early stages, before the alpha rhythm is significantly 
slowed, the alpha waves may disappear for a few seconds without any meas- 
urable increase in delta activity. Furthermore, the alpha waves may disappear 



Fig 2 Bram potentials from vertex (V) or occiput (O) referred to the ears Upward 
deflection - scalp negative Broadly tuned filters used in all except A and upper line of B. 
Frequency of filters shown by numerals at extreme nght Voltage calibrations at left, 
50 nv in all cases When tuned filter is used calibration refers to peak-to-peak voltage of a 
sme wave of frequency matching the tuning of the filter 

A Unfiltered, showing unusually prompt appearance of delta waves in a brief "float” 
(or nap 7 ) 

B End of a "float," with subject’s signal at arrow showing return of "quick” 18-per- 
second waves in a subject with very few alpha waves Lower line shows the same potentials 
taken simultaneously through a 14-per-second filter. The frequency of the waves is ap- 
proximately 18 per second 

C Return of alpha waves after a "float," showing variability and slowing of alpha 
rhythm in the very drowsy state Alpha frequency indicated on record The next "float” 
begins just after the sequence of 7 5 per second alpha waves Both records from the ver- 
tex Upper line filtered for alpha, lower line for delta 

D and E Ends of two "floats” from the record of the same subject D The usual return 
of alpha waves shown tn lower line, which is occipital record filtered for alphas E Shows 
unusual delta activity appearing at the vertex Alpha waves at the occiput continue un- 
affected by it This delta episode continued more than 30 seconds The subject signaled 
during the delta activity as shown, and believed himself to be fully conscious throughout 
F and G Records from the vertex of a single subject during sleep Upper line filtered 
for deltas, lower line for 14 per second and 10 per second F Typical 14 cycle "spindles ” 
G Irregular slowing of 14 cycle waves, giving rapid shifts of frequency between 14 per 
second and 10 per second Frequency count shown on the record Note reduced amplifica- 
tion of G as compared with T Also in both cases lower line is taken at twice the sensitivity 
of the upper line 
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in one region the occiput, for example — while they continue for a few sec- 
onds at the vertex, and vice versa. Still more important is the occasional ap- 
pearance of fairly high delta waves running as a continuous background on 
which the alpha waves are superimposed, or a transient episode of great delta 
activity at the vertex while the alpha activity continues smoothly at the 
occiput. We may note immediately that, in the three such episodes of which 
we have clear records, the subject did not report sleep but believed himself to 
be conscious. In the case illustrated in Pig. 2E the subject reported unusual 
kinesthetic and somasthetic sensations, as if he were slightly dizzy and 
starting downward in a fast elevator. Whatever the significance of this report 
may be, it is clear that various parts of the brain do not always show simul- 
taneous changes in the alpha and the delta waves. 

Correlation of Changes in the Electroencephalogram with the Signals from the 
Subject. The subjects in these experiments signaled whenever they felt they 
had momentarily "floated” or "drifted” off or experienced any other clearly 
defined change in the state of consciousness. These signals correlated to a 
surprising degree with the alterations in the brain potentials (figs. 1 and 2). 
The relation was clearest and most precise in those subjects whose standard 
waking record was largely occupied with alpha waves. Six of our subjects 
had such "high alpha” records, showing the alpha rhythm 70 per cent or 
more of the time. In 9 experiments these 6 subjects signaled "have floated” 
or "have slept” 165 times. All but 6 of these signals were preceded by definite 
depressions of the alpha waves which lasted from 1.5 to 30 or 40 seconds. The 
records showed only 39 equally clear depressions of alpha waves which were 
not signaled. One subject signaled correctly 20 consecutive depressions, and 
two others had consecutive rims of 10 or more. The minimal duration of a 
depression which was necessary for a subject to give his signal varied some- 
what from one individual to another. One subject consistently signaled gaps 
as brief as 1.5 second, others required gaps of 4 or 5 seconds, but for each the 
minimal duration was quite consistent. The data of Table 1, based on two 
subjects, are broadly typical of the whole group, and also illustrate the char- 
acteristic prolongation of the "floats” as sleep approached. 

The signal was usually given immediately after the return of alpha waves 
(Figs. IB, D; 2C, D, E). The latency of the signal following the first re- 
appearance of alpha waves varied from zero to as much as 5 seconds, and is 
more or less characteristic of the particular subject. Occasionally the signal 
was given just before the alpha waves returned (Fig. 1C). This is a point of 
considerable theoretical interest, as it suggests that a subject may be able to 
realize that he has "floated” even when his alpha waves are still absent and 
that the waves may return because the subject rouses himself further by the 
act of signaling. In order to test this point it will be necessary to carry out 
similar experiments while obtaining records simultaneously from many parts 
of the brain, for the reappearance of alpha waves, like their disappearance, is 
not necessarily simultaneous at all points on the cortex. The latencies in 
Table 1 are all calculated on the basis of the return of alpha waves at the occi- 
put, where these waves are usually most prominent. 
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In those cases in which the delta waves reached 150 microvolts and per- 
sisted for half a minute or more, the subject frequently signaled "real sleep” 
when he next awoke. Two subjects did not identify any intermediate stage 
between waking and real sleep, and almost all of the changes which occurred 
in their records involved the appearance of large delta waves for half a minute 
or more. Sometimes a subject who showed this type of change in the record 
would neglect to signal "real sleep” on waking, but state subsequently that 
he realized later that he had made a mistake and should have signaled "real 
sleep” rather than mere "floating.” The situation suggests that the ability 
to discriminate between "floating” and sleep becomes relatively depressed 
when sleep actually occurs. Occasionally a period of one or two minutes of 
unquestionable sleep passed entirely unsignaled. This agrees with our expe- 


TABLE 1 


Subject 

Signals 

Average time 
between signals 

Average duration of 
depression of alpha 
waves before signals 

Average time from 
return of alpha 
waves to signal 


1- 5 

16 9 sec 

2 9 sec. 

0 2 sec 


6-10 

12 1 sec 

4 1 sec 

0 2 sec. 

A 

1 21-J5 , 

17 8 sec i 

7 8 sec 

0 4 sec 


16-20 

(sleep) 

20 5 sec 

13 5 sec. 

0 3 sec 

B 

1-3 

30 2 sec 

6 2 sec. 

2 4 sec 

4-6 

37 8 sec 

10 4 sec 

2 6 sec 


7-9 

(sleep) 

36 2 sec 

22 7 sec 

1 1 sec. 


rience in other experiments in which such changes have appeared in the rec- 
ords and in which the subjects have denied having fallen asleep. Akin to this 
is the situation toward the end of an experiment when the subject is asleep 
most of the time and often fails to signal when alpha waves appear for a few 
seconds on the record. In this state the subject apparently does not arouse 
himself sufficiently to give the signal, and we have not included this part of 
the experiment in reckoning our scores. If we consider that even in the early 
"floating” stage the subject is in an extremely drowsy state, perhaps only 
semiconscious, it is surprising that our subjects actually attained an overall 
score of 75-per-cent accuracy of signaling depressions of alpha activity. 

Failures to signal the changes perfectly occurred for several reasons be- 
sides extreme drowsiness. One reason was that on the first trial the subjects 
did not always sink deeply enough toward sleep. They did not attain the 
necessary condition for "floating,” but, being anxious to cooperate, began 
signaling too soon, not waiting for the correct end-point. The failure was 
essentially the selection of the wrong subjective end-point. It is significant, 
however, that among all of the subjects who gave any signals at all only one 
failed to reach the proper end-point at one of his later trials; and even the one 
whose experiment we class as a failure was not entirely negative in his corre- 
lations toward the end of his second trial. According to his own statements, 
however, he was still shiting his end-point from time to time in an endeavor to 
find what we call the "floating” stage. 
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Occasionally the subject fluctuated very rapidly, according to his record 
between a state of waking and a state of "floating,” and under such conditions 
he frequently failed to signal all of the fluctuations. The period of such 
fluctuations was often as short as 5 seconds. Furthermore when the fluctua- 
tions are very rapid, the contrast between the sections of the record is often 
not great. The subjects expressed the greatest uncertainty concerning the 
subjective transitions on those very occasions when the record itself showed no 
sharp contrasts. Sometimes also there were very slow gradual transitions from 
one state to the other which apparently escaped the notice of the subject. 
It is significant that the very conditions which make judgment of end-points 
difficult on the record seemed to be correlated with a similar lack of clear 
definition and clear transition in the subject’s own experience. 

The Subjective Experiences. Two of the ten subjects in the successful ex- 
periments reported only "real sleep,” and these two actually showed char- 
acteristic sleep patterns in 7 out of 12 alterations of pattern which were 
signaled. The first two alterations in each record were less clear than those 
which followed, but delta waves of at least 70 microvolts were visible in every 
case. The shortest period of delta activity was 10 seconds. These are more 
profound changes than our other subjects showed in their early "floats.” 

Our two youngest subjects (21 and 13 yrs.) gave no adequate description 
of their experiences. Their records passed quite rapidly into the characteristic 
sleeping pattern with only two and four intermediate "floats” (or naps?), 
respectively, but signals were given immediately after the alterations in every 
case. 

The remaining six subjects who gave signals related to the changes in their 
potential patterns all agreed on two points — (1) that they would not call the 
early episodes "real sleep” but an intermediate stage, and (2) that dinring the 
episodes which they signaled there had been a depression of awareness or 
consciousness. The depression involved the awareness of immediate external 
stimuli (e.g., sounds, contact of the bed-clothes, etc.), or of self-consciousness, 
awareness of the experimental situation, etc. One of them compared the state 
to that of "nodding” or "dozing” during a lecture or sermon, and others 
agreed to the aptness of the comparison. Beyond these common points they 
gave the greatest variety of descriptions, such as: 

(1) "These things are practically dreams, but I am awake enough to 
catch them.” (99)* 

(2) "No dreams or visual fantasies. Mind a blank. Noises no longer no- 
ticed.” (12) 

(3) "Unexpected visual fantasies are my end-point.” (98) 

(4) "My thoughts wandered or floated unexpectedly.” (15) 

(5) "Drifting of thoughts. Definite kinesthetic sensation of being suddenly 
brought upright at the end.” (95) 


* The figures in the parentheses following these descriptions are the alpha indices 
of the respective subjects, i.e., the percentage of the time occupied by alpha waves in h 
waking record under standard conditions (Davis and Davis, 1936; Saul, Davis, and Da 1 , 
in press.) 
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(6) "Pleasant sense of numbness, of dizziness, of being nothing at all.” (72) 
These six spontaneous characterizations cover the senses of hearing, touch, 
equilibrium, and kinesthesia; and include thought, visual fantasy and dreams. 
They also include emphatic denials of dreams and visual fantasies. 

We have no evidence relating dreams to specific changes in the record. 
The fantasies of the "floating” stage merge imperceptibly into dreams, and 
we have many unequivocal reports of dreams which must have occurred 
during the B stage, for the subjects never went beyond the B stage in those 
particular naps. One subject was awakened abruptly from the C stage by a 
knock on the door. He reported that he had just been dreaming and had 
awakened spontaneously, but had forgotten the content of the dream. Only 
3 seconds elapsed from his last large "spindle” of 14-per-second waves (which 
preceded the knock) to his own signal indicating that he was awake, so that 
it seems quite safe to refer the dream to the C stage. Dreaming can therefore 
occur in both B and C stages. Concerning D and E we have as yet no evidence. 

Discussion and Incidental Observations 

In the reports of our subjects as to their subjective experience during the 
times when alpha waves were depressed in their records, no single sense 
modality is uniquely involved. We therefore cannot assume that the alpha 
waves are depressed in the "floating” stage because of visual activity in the 
form of fantasy, analogous to opening the eyes. In fact, "floating” seems 
rather to involve a depression of cortical activity, while opening the eyes and 
also those emotional states such as startle, "puzzlement,” apprehension, etc., 
which suppress the alpha waves, are clearly forms of stimulation. 

Inspection of the records leads to the conclusion that alpha activity may 
be reduced in two distinct ways. In one situation, as in "floating,” the waves 
cease, simply diminishing in voltage to zero. They return again abruptly, 
then fade out once more, but, as they come and go, there is also, with the 
approach of real sleep, a general slowing of the alpha rhythm to 8 or even to 7 
(cf. Durup and Fessard, 1936; Jasper, 1936). The slowing is most noticeable 
when the subject goes to sleep slowly with many "floats” in and out. When- 
ever the frequency falls to 7 or 6.5 per second the waves become irregular and 
disorganized and the subject passes off into another "float” or into real sleep. 
The behavior of the alpha waves resembles the slowing and disorganization 
of alpha waves in hypoglycemia described by Hoagland, Rubin, and Cameron 
(1936). 

The 14-per-second waves which are so characteristic of sleep appear at 
about the stage when the last few recognizable alpha waves have been de- 
pressed to a frequency of approximately 7 per second. In a few instances in 
our records it appears that 7-per-second waves which are presumably slowed 
alpha waves have broken up into two groups which beat alternately with one 
another, thus generating a rather irregular 14-per-second frequency. The pos- 
sibility of such an apparent doubling of frequency has been suggested in 
another connection by Rheinberger and Jasper (1937). This mechanism, 
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however, will not account for the genesis of the 14-per-second "spindles” in 
general, for the latter appear quite characteristically in the records of indi- 
viduals who have no clearly marked alpha waves at any time. Also the 14- 
per-second waves are higher in voltage than the alpha waves at this stage of 
sleep. 

The alpha waves are not the only ones which are progressively slowed with 
the onset of sleep. The quick (20-per-second) waves are similarly affected; in 
the individuals in whom the quick waves are prominent enough to be studied 
easily the groups of 14-per-second waves appear strongly when the average 
frequency of the quick waves has fallen to approximately 14 per second. This 
observation, although pointing to a genetic connection between the quick 
waves and the 14-per-second waves (cf. Jasper, 1937), offers no clue as to 
why the 14-per-second waves should reach a voltage higher than that ex- 
hibited by the quick waves at other frequencies. The frequency does not re- 
main stable at 14 per second, but may oscillate between 14 and 10 per second 
or thereabouts (Fig. 2G). The "spindles” of 14-per-second waves have been 
identified because here seems to be a maximum of voltage and perhaps a 
somewhat greater stability of frequency in each train of waves. 

Waves at approximately 10 per second may appear during sleep (cf. Blake 
and Gerard, 1937), but their frequency is seldom as regular as the waking 
alpha rhythm. Also a subject who has fallen asleep and lost his alpha waves 
for a time may show them again for a few seconds without signaling that he 
is awake, and they may be elicited regularly by stimuli which fail to arouse 
the sleeper. The pattern of brain potentials may change, and the subject may 
shift his position in bed, but when awakened may have no memory of the 
stimulus. The function of memory is certainly depressed. If the subject does 
give a signal in this state, its latency, with respect either to the stimulus or 
to the appearance of alpha waves, is unusually long — often many seconds, 
and giving the signal often involves great subjective effort. Whether or not 
we regard the subject as "asleep” under these conditions (when the alpha 
waves appear) is a question of definition which we shall leave open for the 
present. 

One of our subjects always gave strong regular 10-per-second waves from 
vertex, occiput, and forehead nearly continuously while deeply asleep. There 
is no doubt as to the depth of sleep in this case. The 10-per-second waves 
appeared only in the C stage of 14-per-second waves. Frequencies of 10 and 
14 per second often appeared simultaneously in the record. This subject gives 
such "alpha” waves only when soundly asleep. Her waking record is domi- 
nated by quick 20-per-second waves, and relatively few sharp irregular alpha 
waves appear. (The alpha index of this subject is 15.) It is a question whether 
or not her regular well-rounded 10-per-second waves in sleep represent the 
same cell-groups and mechanisms as the ordinary waking alpha rhythm. Her 
sleeping 10-per-second waves are strongest at the vertex instead of at the 
occiput, but this is also true for the waking alpha rhythm in about 2 per cent 
of our normal subjects. Obviously the test of opening the eyes could not be 
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tried in sleep! We believe that the sleeping 10-per-second waves in general 
are more closely akin to the 14-per-second waves of the spindles and to the 
"quick” 18- or 20-per-second waking waves than they are to the waking 
alpha rhythm. In sleep the 14-per-seeond and 10-per-second frequencies are 
not sharply differentiated. Many trains at 12 per second can be identified 
(See Fig. 2G). It is at 14 per second, however, that the highest voltages and 
greatest regularity are usually attained. In all subjects the sleeping 10-per- 
second waves, like the 14-per-second waves, are more prominent at vertex 
than at occiput, and they are equally strong in individuals with many and 
with few waking alpha waves. 

Is "falling asleep” a unitary function or event? Our observations suggest 
that it is not. Different functions, such as sensory awareness, memory, self- 
consciousness, continuity of logical thought, latency of response to a stimulus 
and alterations in the pattern of brain potentials all go in parallel in a general 
way, but there are exceptions to every rule. Different functions may be de- 
pressed in different sequence and to different degrees in different subjects 
and on different occasions. Only the general progress of depression remains 
constant. We have pointed out that the changes in the pattern of brain po- 
tentials need not occur simultaneously in different parts of the brain. Only if 
we choose to define sleep in terms of response to a particular stimulus or of 
a particular change in the potential record from a particular area of the cor- 
tex-only then can a "moment of falling asleep” be precisely defined. Other- 
wise the problem is just as vague and difficult as that of determining the 
exact moment of death. 

In terms of potential patterns the index which seems most nearly to reflect 
the "depth of sleep” is the frequency and voltage of the slow, random "delta” 
waves. Blake and Gerard (1937) have pointed out this general parallelism 
and it is implicit in the classification of stages of sleep cited in the opening 
paragraph of this paper. Our present observations show that the delta ac- 
tivity begins to increase both in voltage and in average wavelength at the 
stage of the earliest subjective "floating” or transition into sleep. The increase 
in voltage and wavelength appears to continue progressively as the physiolog- 
ical depression of the nervous system which we call sleep becomes deeper. 
It is probably no accident that most forms of mental disorder except the con- 
vulsive varieties have been reported as showing "slow waves” of one kind or 
another in those cases in which any difference from the normal could be de- 
tected (Berger, 1932, 1933; Gibbs, 1937; Walter, 1937; Jasper, 1937). We 
have confirmed this general relationship in a series of observations which will 
be reported in detail elsewhere. 

The abruptness with which a subject’s record can change from a high- 
alpha waking pattern to a "light sleep” record with clear delta waves (cf. 
Fig. 2A) raises an important practical point for clinical electroencephalogra- 
phy. Before we conclude that a low-alpha or a high-delta pattern is due to 
mental disorder, brain tumor, or other lesion of the brain, we must be certain 
that the patient was awake when the record was obtained and that he did not 
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momentarily "float off” in light sleep. Records must be carefully evaluated 
in terms of the state of the patient. Measurements of the amount of alpha 
activity are particularly subject to error from drowsiness, which may par- 
tially depress the alpha waves long before actual sleep occurs. Absence of 
drowsiness must be rigorously enforced as one of the necessary standard con- 
ditions for such measurements. 


POTENTIALS of the MOTOR AREA during SLEEP 



STAGE or SLEEP (not time) 


Fig. 3. In the upper line the stages of sleep are characterized by the subject’s reports; 
in the next line, according to the classification of Loomis, Harvey, and Hobart (1937). 

The classes of waves are defined by the values given for their frequencies. The delta 
waves sometimes have no clear frequency but appear as isolated waves, and strictly should 
be defined by wavelength rather than frequency. In sleep they tend to be fairly rhythmic. 

The height of each curve above its own base-line indicates the most characteristic 
maximal voltage for that class of wave at the corresponding stage. Note that the voltage 
scale for delta is half that of the other classes. 

Broken lines indicate that at the corresponding stage of sleep the frequency of the 
waves in question becomes irregular or that its appearance is very intermittent, or its 
identification uncertain. 

The frequency of the alpha waves is the most definite and constant. The others vary 
from moment to moment by as much as 25 per cent. This may or may not indicate corre- 
sponding shifts in the "depth of sleep.’’ 

The chart describes the potentials from the motor area referred to the ears. The corre- 
sponding chart for the visual area is similar except for lower voltage of the delta and the 
''quick” classes of waves. Some individuals show very little alpha voltage, even when 
awake, particularly in the motor area. 


The following chart (Fig. 3) summarizes graphically the typical behavior 
in sleep of the various components of the brain-potential pattern. It is to be 
regarded as tentative and highly schematic, since the various components are 
not necessarily as closely correlated with one another as this graphic repre- 
sentation implies, i.e., the dominant frequency of quick waves need not be 
exactly double the alpha frequency, although this is often the case. Broken 
lines signify variability of behavior or intermittent appearance of the corre- 
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spondmg class of wave It is important to note that the horizontal dimension 
does not represent time A subject frequently shifts back and forth from one 
stage of sleep to another, sometimes quite rapidly and erratically 

Summary 

Brain potentials were recorded from subjects while they were going to 
sleep Alterations m the pattern were related to the state of consciousness of 
the subject by means of signals given spontaneously by the subjects (Fig 1) 
Subjects who have a well developed alpha (10 per second) rhythm when 
awake often showed repeated depressions or loss of alpha waves while going 
to sleep Just after such a depression the subject typically signaled that he 
had "floated” or "drifted off” for a moment Slow "delta” waves, 0 2 to 0 3 
second in duration, usually appeared during the depression of alpha waves 
Subjects who have few or no alpha waves showed a corresponding but less 
clearly marked depression of their "quick” (15 to 20 per second) waves, and 
the same appearance of "delta” waves 

Nine of our ten subjects gave signals which correlated clearly with altera 
tions m then brain potential records The "floating” state of consciousness 
always involves a loss of awareness for immediate external stimuli Some sub- 
jects, but not all, also describe visual fantasies, kinesthetic sensations, inter- 
ruptions of logical thought, etc 

"Real sleep” was regularly acknowledged when slow waves (recorded from 
the vertex) had reached 150 pv and persisted for half a minute The appear- 
ance of "spindles” of 14 per second waves is a sure sign of real sleep 

Dreams may occur in the low voltage, B stage and also m the 14 per- 
second, C stage 

Alterations m the alpha and delta waves are not always simultaneous in 
different parts of the brain We cannot define exactly the moment of going 
to sleep or the moment of awakemng 

In the clinical study of bram potentials the drowsy state must be strictly 
avoided because of the similarity of the patterns of very early sleep to those 
described for many abnormal conditions 
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Two recent studies of the effects of bilateral removal of the frontal lobes of 
the cerebral cortex of the cat have been at considerable variance as to the 
symptoms obtained. Langworthy and Kolb (’35) have observed an exaggera- 
tion in motor activity in their animals and make no mention of a pronounced 
plasticity in the decorticate extensor hypertonus. Barris (’37), on the other 
hand, has reported a profound loss of motor initiative together with a hyper- 
tonus of an extremely plastic type suggestive of catalepsy and his comparison 
of this cataleptic condition with that investigated in this laboratory after 
brain stem lesions has led us to attempt to verify his observations. We have, 
therefore, subjected a series of cats to bilateral one stage removal of the 
frontal lobes. 

Methods 

The animals were operated under nembutal in the manner employed by 
Barris (’37). The skin was incised, the frontal sinuses opened, the naso- 
frontal ducts plugged with bone wax and the interior of the sinuses sponged 
with merthiolate. The anterior portion of the calvarium was then removed, 
the dura incised and all large available vessels were tied and sectioned. The 
cerebral hemispheres anterior to a plane in the region of the ansate sulci were 
removed on each side, hemorrhage was stopped, the subcutaneous tissue 
sutured and the skin closed with clips. Three animals were so active on the 
first and second postoperative days that they knocked the clips out of the 
anterior part of the medial longitudinal skin incision. These were killed im- 
mediately and in most of the remaining eight animals a transverse skin in- 
cision between the ears was employed and the animals were kept in a large 
cage during the first few postoperative days. Intraperitoneal injections of 
normal saline solution were administered daily until the animals ate. 

The survival times of these eight animals were as follows: One cat sud- 
denly became prostrate and died on the sixth postoperative day, possibly 
from embolism. One animal, in good health, widely opened its skin incision 
as a result of excessive activity during confinement for a test of temperature 
regulation on the sixth postoperative day, and was killed. Four to six weeks 
after operation, the remaining six animals were utilized in terminal experi- 
ments in which the excitability of the preoptic region and hypothalamus was 
tested. The results of the latter study, together with the information obtained 
regarding temperature regulation in these animals, will be reported in con- 

* This investigation was aided by a grant from the Rockefeller Foundation. 
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nection with other work. The following description is concerned with the ani- 
mals general symptomology. 


Results 

Activity, postural defects, tonus. In light of the loss of motor initiative which 
has been claimed for them, these animals exhibited a remarkable amount of 
activity usually from the first or second postoperative day onward. This was 
perhaps not abnormal since we have seen very restless normal cats which 
have been just as active. The activity was usually confined to an almost 
continuous walking about, but two of the animals trotted across the room on 
the third and fourth postoperative days. Though in motion most of the time 
when out of their cages for observation, the animals often stopped to look at 
other cats and seemed perfectly capable of inhibiting their activity. They 
would not at first turn aside to avoid obstacles, however, and with consider- 
able difficulty would scramble over the rungs of a low stool in their path, or 
when walking across a table would walk over the edge. They showed a pro- 
nounced disposition to follow the observer duplicating every turn made by 
him. 

At a time varying between the first and second postoperative week two 
of the animals lost this over-activity and disposition to follow and became 
about as quiet as the average laboratory cat. It was found at autopsy that 
these two animals suffered smaller cortical ablations than their fellows who 
continued to exhibit the above tendencies throughout their survival periods. 

The loss of postural reactions, which the exacting study of Bard (’33) has 
shown to be dependent on the sensori-motor region involved in these abla- 
tions, made the animal’s progress awkward during the first postoperative 
days, but improvement was rapid and subsequently postural defects were 
chiefly apparent when an animal was at rest, or starting or stopping motion, 
or when making a turn. These defects were usually manifest as a slipping of 
one or more of the limbs from under the body, forward, to the side or back- 
ward, or as a stepping on the dorsum of the foot. In two instances the fore 
limbs were crossed. Running or scrambling movements appeared when the 
animals were restrained from moving forward, the animals often becoming 
very excited. 

It was quite impossible to pose the animals in any position. 

An extensor hypertonus of the limbs was apparent in the standing posture 
and gait of two animals on the first postoperative day, but was usually present 
only when the limbs were freed of participation in standing or walking. It 
was seen best when the animal was suspended ventral side down either by the 
chin and tail or in a hammock, and then was marked and exhibited no plas- 
ticity. Usually in the course of the first postoperative week the animals be- 
came restless in the hammock, swaying the vertebral axis from side to side and 
making running movements of small amplitude. In most cases an extensor 
hypertonus of the limbs was apparent also when the animals were on their 
backs in a trough during the first two or three postoperative days, and some 
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of the animals would lie quietly in this position during the first postoperative 
week. Others, however, had to be restrained in the trough from the first post- 
operative day and righted themselves as soon as released, at first by a ventro- 
fiexion of the trunk and later by turning to the side. There was little or no 
plasticity in the extensor hypertonus in any of the animals when on their 
backs and it was impossible to pose any of them in the trough. 

Feeding, gastro-intestinal tract. With the exception of one cat which ate 
meat on the first postoperative day and drank milk on the second, the animals 
would not eat meat spontaneously until the fourth to sixth postoperative day 
and would not drink milk until the sixth to eighth day. All would chew and 
swallow meat placed in their mouths two or three days before they began to 
eat spontaneously. In eating meat some of the animals licked the meat into 
their mouths, while others made lunging bites and swallowed the mouthful 
obtained without chewing. They would indiscriminately bite or lick the edges 
of the pan. All of the animals lapped milk, often lapping the edge of the pan 
or the air, or dipping the nose far into the milk. When feeding, the animals 
frequently made treading or pawing movements with the forelimbs, placed 
the forefeet in the dish, and sometimes purred or growled. They appeared 
very hungry. 

The same two cats which lost their over-activity and disposition to follow 
quickly acquired better eating habits than their fellows. The animal which ate 
from the first postoperative day was not a member of this group, however. 

The stomach and intestines of each animal were examined at autopsy, 
but the results do not compare favorably with those of Mettler, Spindler, 
Mettler and Combs (’36) who found gastric hyperemia and ulceration follow- 
ing bilateral removal of the frontal lobes in the cat. A single ulcer was found 
in the pyloric region of the stomach of the animal which died on the sixth 
postoperative day. This consisted of an area of mucosal erosion about 2 mm. 
in diameter with slightly elevated and pinkish margins. We question its rela- 
tionship to removal of the frontal lobes, however, for the stomach and in- 
testines of all the other animals were normal. 

Emotional behavior. We cannot agree with Barris (’37) that there is any 
more than a very transient impairment in the emotional reactivity of these 
animals. The response to pinching the tail was uniformly weaker than normal 
during the first, second and third postoperative days. It regained a normal 
vigor during the fourth to sixth days, however, and on pinching the tail the 
animals cried loudly, spit, circled and in some instances attempted to strike 
the observer’s hand. 

Three of the cats exhibited an aversion to their fellows from the third 
postoperative day onward. One of these animals, when another cat approached 
her on the third postoperative day, rolled onto her side, extended the limbs in 
front of the fore part of the body, with the digits spread and claws bared, and 
repeatedly struck with the uppermost forelimb; the ears were retracted, the 
pupils widely dilated, the cat spit several times and for a short time afterward 
growled intermittently. 
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• ai ^ ma ^ s showed every indication of marked emotion when in a room 
with barking dogs in cages, but unfortunately this was not tried until most of 
the animals were in their first or second week of survival, and the earliest test 
was on the sixth postoperative day. In this instance the cat faced the dog 
which was barking the loudest and remained in the center of the room, with 
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Fig. 1. Photographs of brains of: A, normal cat; B, Cat I; C, Cat 2; D, Cat 3. The nu- 
merals have the following significance: 1, lateral gyrus; 2, middle suprasylvian gyrus;_3, 
anterior ectosylvian gyrus; 4, anterior sylvian gyrus; 5, posterior sigmoid gyrus; 6, anterior 
sigmoid gyrus; 7, frontal gyrus; 8, coronal gyrus; 9, olfactory stalk; 10, olfactory bulb. 

its limbs extended, back arched, and tail vertically upright. The hair on the 
back and tail was maximally erected and the pupils maximally dilated. The 
cat’s repeated, explosive spitting could be heard above the noise of the dogs. 
The cats with longer survival times exhibited just as normally vigorous 
pilomotor, pupillary and facio-vocal activity but instead of assuming the 
Halloween posture just described, crouched and retracted the forequarters 
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and head, and two of the animals subsequently turned and ran out of the 
room. 

With the possible exception, however, of the three cases which were an- 
tagonistic toward their fellows, a trait occasionally present in the normal 
cat, these animals have not impressed us as possessing the intense emotional 
hyper-excitability seen in the completely decorticate cat (Bard, ’28; Bard and 
Rioch, ’37). 

The animals showed a pronounced affection toward the observer. They 
circled, arched and rubbed themselves against the observer when petted, often 
purring and making treading movements with the forelimbs, and when 
studying the animals it was difficult to take notes with the cats on the table 
as they would not stay away from the observer. 

Extent of ablation. In all of the animals the posterior sigmoid, anterior 
sigmoid and most of the coronal and frontal gyri (terminology after Papez, 
’29) were removed bilaterally. In the two animals which recovered from an 
initial over-activity and tendency to follow, and which regained essentially 
normal eating habits, this was the extent of the area ablated, as is seen in the 
photograph of the brain of Cat 1, shown in Fig. IB. The extent of ablation 
can be determined by a comparison with the normal brain shown in Fig. 1A. 

In the remaining four animals the ablation was slightly more extensive 
so that the anterior ends of the lateral, middle suprasylvian and anterior 
ectosylvian gyri were removed and all of the coronal gyri and the anterior 
half to two-thirds of the anterior sylvian gyri were bilaterally ablated. Even 
the most ventral portions of the frontal gyri were either removed or discon- 
nected from more caudal regions. In three of these animals the olfactory tracts 
were considerably injured on one or both sides, as in Cat 3, whose brain is 
shown in Fig. ID, but in one animal, Cat 2, whose brain is shown in Fig. 1C, 
they appeared intact and it was this cat which ate from the first postoperative 
day. All four of these animals, however, showed persistent impairments in 
feeding habits, a deficit which has been attributed by Langworthy and Kolb 
(’35) to removal of the electrically excitable cortical field for masticatory and 
lapping movements located in the region of the rostral end of the anterior 
sylvian gyrus (Magoun, Ranson and Fisher, ’33; Ward and Clark, ’35; 
Tower, ’36). The present results, as far as they go, support this interpretation, 
but isolated removal of this field might be expected to yield more critical in- 
formation. 

Summary 

A description is given of the pronounced activity, loss of postural reac- 
tions, extensor hypertonus without plasticity, impairment in feeding and re- 
tained emotional behavior of cats following bilateral one stage removal of the 
frontal lobes of the cerebral cortex. 

This description appears essentially identical with that presented by 
Langworthy and Kolb (’35). The cataleptic phenomena described by Barris 
(’37) were not observed. 
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Primates from which the cortex of one cerebral hemisphere has been removed 
circle in walking toward the side of the lesion; such animals also show contra- 
lateral hemiparesis together with deviation of head and eyes toward the side 
of the lesion With all types of progression there is rotatory movement which 
appears to be involuntary and purposeless and becomes accentuated under 
emotional stimuli such as rage, fear, or the sight of food. Deviation of head 
and eyes, and circling occur in hemidecorticate cats and dogs, as well as in 
subhuman primates After lesions of the frontal lobes, Hitzig (16) observed 
the same symptoms in dogs and attributed the phenomena to paralysis of the 
trunk muscles of one side. In 1895 Bianchi (3) noted that monkeys with "pre- 
frontal” ablations circle toward the side of the lesion, due, he thought, to 
visual and to "intellectual "disturbances. In man also conjugate deviation of 
the head and eyes appears after certain cortical lesions, and many focal epilep- 
tic attacks begin with turning of head and eyes (10). 

In the following experiments an attempt has been made to analyze in the 
monkey ( Macaca mulatto) the physiological factors involved m circling, and 
to locahze the cortical area responsible for this symptom 

METHODS 

In the present study lesions of area 8 were made in 12 normal rhesus monkeys (Macaca 
mulatto) In addition observations were made on a large number of monkeys, with lesions 
elsewhere in the cortex which had been operated on for other purposes Excisions of 
cortical areas were made under aseptir technique and the animals were observed subse- 
quently over a period of several months 

Preliminary Cortical Ablations 

In attempting to determine the region of the brain responsible for circling 
and head turning observations were made on animals with lesions involving 
various cortical areas. As these studies have an important bearing upon area 
8 ablations to be described below, they may be briefly summarized. 

Hemidecorticatton The symptoms following hemidecortication in the monkey are well 
known (Hitzig, 16, Karplus and Kreidl, 19) A profound contralateral hemiparesis devel- 
ops immediately together with a sensory deficit and hemianopia The phases of recovery 
are also predictable, during the first week power returns to such an extent that the animal 
is usually able to sit and stand, and even to walk and climb awkwardly. The paretic ex- 
tremities, at first flaccid, begin to show spasticity at about the third day and tend then to 
be held m greater extension than the normal limbs They are less sensitive to touch and to 
pain on the affected side than on the normal, and the sensory deficit is also evident in 
progression for the animals tend to ‘'lose” the extremities, which become tangled in awk- 

* * Thw work was ai ded by a grant from the Research Funds, Yale University School 
of Medicine 

t Fellow of the CRB Educational Foundation, 1936-1937. 
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ward postures Forced grasping is prominent and tendon reflexes, at first decreased tend 
ultimately to become exaggerated on the paretic side. Deviation of the head and eyes 
4 curv ™ g a f the body are marked as soon as the animals regain their feet; any emotion, 
excitement fear, or rage accentuates the head deviation and tendency to circle Although 
the head and eyes are usually held toward the side of the lesion, they are frequently turned 
m the opposite direction when the animal is not under stress, and immediately after op- 
eration the eyes can be fully deviated in both directions. 

By the end of the first month improvement is considerable, but movement and posture 
m the paretic limbs are not normal, for there is persistent spasticity with hyperactive 
tendon reflexes; the sensory deficit to touch and pain is less marked. No fine movements 
are performed with the paretic hand or foot, and fingers and toes can not be used indi- 
vidually. All purposeful movements are executed either by the normal side alone, or by 
the normal extremities first, followed and assisted by the paretic members. At this stage 
deviation of the head and eyes is less marked than after operation, but is still conspicuous. 
The animal tends to look toward the normal side and to circle in this direction, but at 
times is able to move forward in a straight line. 

Recovery in both motor and sensory spheres continues slowly but steadily after this 
for at least the first six months. Motor deficit, hemianopia and a tendency to circle have 
been observed to be present for a year; indeed the symptoms probably persist indefinitely, 
for the hemidecorticate macaque reaches a permanent motor status which can never be 
mistaken for normal. 


In such animals the circling has been attributed to visual abnormality 
(Karplus and Kreidl, 19). Hemianopia, together with deviation of the eyes to 
the "seeing” side might produce a turning of the animal toward the objects 
seen. However several of these animals in which circling movements were 
present were blindfolded without altering motor performance. On one, a hemi- 
decortication was performed some time after the opposite occipital lobe had 
been ablated. This blind animal also circled. 

Frontal lobe. Isolated extirpation of the frontal lobe in monkeys (areas 4, 6, 8, 9, 10, 
11 and 12) produces similar forced turning with deviation of head and eyes. These symp- 
toms however are neither as extreme nor as enduring as in the hemidecorticate prepara- 
tions and recovery from the hemiparesis also is quicker and more complete. During the 
first postoperative week the monkey without one frontal lobe recovers sufficiently to 
walk, climb and run adequately, although all movements on the paretic side show clumsi- 
ness and incoordination, spasticity and hyperextension. The fingers and toes are not used 
for fine movements at this stage. Forced circling is conspicuous as is deviation of the head 
and eyes; these last symptoms are present for several weeks but become less noticeable 
during this interval. A tendency to rotate when excited persists for months, being detect- 
able long after deviation of the eyes or head has entirely disappeared. 

The "visual” defect present following frontal lobe ablation will be de- 
scribed later in the discussion of the effects of lesions of area 8. 

Areas 4 and 6’. Ablation of the motor and premotor areas (areas 4 and 6, upper part. 
Fig. 1) together or in series, is followed, as is well known, by contralateral motor paresis 
(XI). It has been suggested that circling movements occur because of weakness of the ex- 
tremities of one side; however, these animals show no circling even at the height of their 
motor paresis. After isolated ablation of face and neck fields (areas 4 and 6, lower part) , 
the resultant imbalance of the neck musculature does not cause forced circling and the 
head and eyes remain in the mid-line in spite of noticeable facial weakness. 

Ablation of the remaining parts of the frontal lobe exclusive of areas 4 and 6 (i.e., areas 8, 

9 10 11 and 12) is always accompanied by deviation of the head and eyes, and by 
forced circling without attendant paresis of the face and limbs. When various of the frontal 
association areas were then ablated singly and seriatim it developed that removal of fields 
9 10 11 and 12 caused no one of the three symptoms, and that motor performance fol- 
lowing such ablation could not be differentiated from that of a normal animal. 
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Other cortical areas Removal of an occipital lobe is followed by hemianopia which differs 
from the visual defect of frontal lesions in that it is a permanent object- vision blindness. 
Such hemianopia is not accompanied by forced turning There are times when these ani- 
mals turn, because, as is obvious in watching them, they can see only to one side, and must 
therefore look only in that direction. The performance, however, is quite different from 
the regular circling movements of which follow ablation of a frontal lobe with area 8 re- 
moved In true hemianopia turning is only occasional and is clearly visual in origin, it 
is never purposeless 

The effect of removal of the other centers for eye movements (Graham Brown, 12) 
has not as yet been investigated fully In a few animals from which the parietal lobe had 
been removed and in which there was no hemianopia, deviation of the head and eyes has 
been noted, but without the forced and purposeless turning movements 



Fig 1 Brodmann’s cytoarchitectural map of mon- 
key’s brain (cercopitheque) Extirpation of the region 
indicated here as area 8 leads to forced circling syn- 
drome in the macaque 


Ablation of Area 8 

Ablation of a small area inside the curvature of the arcuate sulcus of the 
macaque (Fig. 2) roughly corresponding to area 8 of Brodmann (Fig. 1) is 
invariably followed by a definite syndrome which includes turning of head 
and eyes and circling. Area 8 as described by Brodmann in cercopitheque lies 
within the arcuate sulcus along its anterior lip (Fig. 1) Stimulation of this 
region produces movement of the eyes — usually conjugate — horizontal and 
away from the side stimulated, and is followed after an interval by turning 
of the head as well. Mesial to the arcuate sulcus in an area corresponding with 
the junction of areas 6 and 9, eye and head movements can also be obtained by 
stimulation Here the head movement is most often primary and followed by 
that of the eyes Widening of the pupils is also produced on stimulation here 
(Graham Brown, 12; Beevor and Horsley, 2; Leyton and Sherrington, 21; 
Wilbur Smith, 26). The mesial limb of the arcuate sulcus in the macaque is 
very deep and extends both mesially under area 6 and caudally deep to area 4. 
It is variable as to exact shape and depth as are all the cortical sulci in this 
species Lesions of area 6 on the mesial side of the sulcus produce no turning 
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of the head and no eye symptoms, unless area 8 as well is inadvertently dam- 

Unilateral ablation. Unilateral excision of the region anterior and lateral 
to the arcuate sulcus (i.e., area 8) is followed by deviation of the head and 
eyes and circling progression toward the side of the lesion. The symptoms are 



Fig. 2. Brain of a macaque ( M . mulatto) after bilateral extirpation of area 8 showing 
extent of lesion into depths of sulcus, but without injury to caudate sulcus. 


extreme during the first two or three postoperative days and all motor pro- 
gression is accompanied by circling and turning of the body. During the suc- 
ceeding two or three weeks the eye and head turning gradually becomes less 
and then disappears. A tendency to circle toward the side of the lesion per- 
sists for several months. However, this syndrome occurs only if area 8 is re- 
moved in its entirety, including all the gray matter in the depths of the arcu- 
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ate sulcus. Removal of the superficial cortical tissue produces only a fleeting 
trace of the syndrome. 

The term "forced circling” has been used to describe this performance 
both because the animals are unable to move except in circles, and also be- 
cause they seem to move more but with less purpose than the normal animals; 
thus, any emotional stimulus incites great motor activity and consequent 
revolving of the animal. When the conjugate deviation and the circling have 
disappeared the purposeless activity continues and the animals are restless, 
easily excited and hyperactive. At no time do they show any abnormal pos- 
ture or paresis of the extremities. 

In addition to the above symptoms these macaques present a transient 
condition which is difficult to distinguish from hemianopia. That is, they ap- 
parently do not see in the contralateral visual fields. They pay no attention 
to food placed in this side of their cage, they do not respond by blinking to 
threats made in this field and when small bits of food are brought into the field 
of vision from this side no response occurs until the mid-line of vision is ap- 
proached. This defect disappears gradually, hut persists for a time after the 
disappearance of conjugate deviation. The duration and intensity of the ab- 
normality are both affected by lesions elsewhere in the frontal lobe, for the 
deficit lasts longer and is more pronounced following frontal lobe extirpation 
than after ablation of area 8 alone. 

Bilateral ablation. If area 8 is removed first from one side and then from 
the other the same syndrome develops; after the symptoms from the first 
ablation become less marked, removal of the second area will temporarily 
reverse the direction of head and eye deviation, and of circling movements. 

When area 8 is ablated from both sides simultaneously, or one shortly after 
the other, the picture which develops is striking, and quite different from that 
seen following any other type of discrete cortical extirpation. Immediately 
following operation such animals show all the motor symptoms seen after 
bilateral extirpation of the frontal association areas plus area 8. There is no 
paresis or postural deficit but the animal sits motionless at first. The head is 
sunk between the shoulders, and the gaze fixed and straight ahead; blinking is 
infrequent, movements of the eyes are almost absent. Eye movements in 
either direction are possible, for the eyes tend to follow an object, but always 
return to a fixed central stare. Such animals sometimes appear to be blind, 
although they follow moving objects and although visual stimuli produce 
frequent rage reactions. They walk into objects, forcefully striking their 
heads against the side of the cage. They will reach for and grasp any type of 
object offered, but then do nothing with it. It is difficult to feed them for they 
do not seem to know what to do with food. This inability to appreciate objects 
in the normal manner seems to be due to tactile as well as to visual disturb- 
ances for many times things held in the hand are not recognized. 

During the first week these animals become more alert and begin to dis- 
tinguish between objects seen. After a period of a few weeks they become 
nearly normal except that they continue to have a "wooden” expression and 
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fixed gaze. Circling movements in bilateral preparations occur and may take 
place in either direction, the animals often turn one way and then reverse and 
turn the other for a time. The circling is not as prominent as it is in the uni- 
lateral preparations, but the stereotypy and the forced character of all move- 
ments are conspicuous and there develops a restless and purposeless behavior 
in which the general activity seems to be increased. 

Discussion 

Discrete ablation of area 8 in the monkey is thus followed by a definite 
syndrome which is composed of two groups of symptoms: first a change in 
motor activity which consists of involuntary circling, appearing in the ab- 
sence of postural or paretic changes in the extremities; and second, a defect 
in the visual apparatus consisting, when the lesion is unilateral, in: (a) a devi- 
ation of the eyes toward the lesion, and (b) a contralateral defect in vision. 
The two groups of symptoms are always part of the same syndrome for neither 
occurs in animals in which the other has not also existed. The symptom com- 
plex seems to be identical with that described by previous authors in animals 
from which all tissue rostral to the motor areas has been removed (Bianchi, 4), 
although in the present series only the small portion of these areas known as 
area 8 is injured. 

Histological identification of this cortical area is at present difficult. 
Grossly it is well defined in the macaque (Fig. 2) as the region lying within 
the arcuate sulcus — that is, anterior and lateral to the sulcus, and roughly 
corresponding to the area 8 demarcated by Brodmann for the cercopitheque. 
The histological structure of this area is transitional from the agranular motor 
cortex of area 6 to the granular cortex of the true frontal association area 9 
(von Economo, 27; Campbell, 6). 

The cytoarchitectural maps of both Mauss (22) and Brodmann (5) have 
confined the limits of area 8 within the arcuate sulcus in the monkey. In the 
higher apes and in man, however, this area extends to the mid-line, rostral 
to area 6 (Brodmann, 5; von Economo, 27; Foerster, 10), and Hines has 
stated that in the macaque as well a strip of tissue which is cytoarchitecturally 
indistinguishable from area 8 of Brodmann runs mesially from the arcuate 
sulcus to the mid-line (13). 

The physiological evidence is also that this region extends to the mid-line 
in macaque, anthropoid, and man, for eye movements may be elicited from 
stimulation of all of this strip of tissue although their character changes in 
the different parts, much as in areas 6 and 4 specific regions subserve different 
muscle groups for limbs. On the other hand removal of the mesial part of this 
strip designated to area 6 is followed by no appreciable alteration in head or 
eye performance. The forced circling appears only when the more lateral part 

now designated as 8 has been damaged. 

Motor defect. In 1868 J.-L. Prevost published a Paris thesis entitled:^ De 
la deviation conjugee des yeux et de la tete dans certains cas d hemiplegie 
(24). In it he cites 58 human cases of hemiplegia, which showed deviation of 
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the head and eyes. The lesions were widely distributed within the central 
nervous system and were for the most part diffuse — four only being limited to 
cerebral cortex, and only one to the frontal lobe. He also cites the scanty 
experimental literature concerning deviation of the head and eyes in animals; 
symptoms infrequently noted at that time following cerebral hemispherec- 
tomy and remarks on the circling movements which accompany this devia- 
tion. 

In 1874 Hitzig (15), and in 1875 Ferrier (7) first elicited movements of 
the eyes from stimulation of the cerebral cortex. The region of the sigmoid 
gyrus of the dog (Hitzig) and the "base of the superior frontal convolution” 
in the monkey (Ferrier, 8) were the regions from which such movements were 
produced. In human beings deviation of the head and eyes have long been 
known to accompany hemiparesis, and to be a part of some attacks of Jack- 
sonian epilepsy. In 1926 Foerster (9) was able to stimulate a series of human 
brains under local anesthesia, and then reported conjugate turning of the 
eyes from stimulation of areas 8a, 8a and 8(3, and, from the region more mesial 
(area 6a/3), adversive turning of head, eyes and body. 

In the lower primates, the monkey or anthropoid, functional differentia- 
tion here, as in other regions of the cortex, is not so discrete as it is in man. 
After stimulation of more lateral cortical eye centers of the monkey (area 8) 
eye movement is primary, and followed often by head. Repeated stimulation 
of the anterior portion of area 6, on the other hand, will in the same animal, 
tend to give primary head movement, which is followed by movement of the 
eyes. It is rare, however, in these animals that movement of the head can be 
produced without eye movement as well. 

Activity. Greater specificity of cortical localization in the human is further 
demonstrated by the fact that increase in motor activity has never been cor- 
related with head and eye deviation in man whereas in the monkey after le- 
sions of area 8 one is accompanied by the other. In man, hyperactivity is 
known to be a factor in certain types of "mental” disorders such as the over- 
activity of the manic, or the restlessness of some post-encephalitic patients, 
and these changes have been attributed to changes in the frontal lobe, but 
no more discrete localization has been possible. 

In animals, restlessness and an increase of purposeless activity following 
bilateral frontal lesions are described by many authors (Hitzig, 16; Bianchi, 4). 
Jacobsen (17) has found it in lesions limited to the frontal association areas 
in monkeys; and recently Richter and Hines (25) have observed hyperactivity 
following both prefrontal and striatal lesions in monkeys. They find that in 
pure cortical lesions removal of area 9 alone produces maximum hyperac- 
tivity, although some appears following lesion of area 8 as well, but that the 
greatest increase is seen only when the tip of the caudate nucleus is damaged. 
They do not record associated turning movements. At present, in our studies, 
there is evidence to indicate in corroboration of Richter and Hines, that there 
is greater increase in activity following extirpation of all the frontal associa- 
tion areas together with area 8, than of area 8 alone, and that this may occur 
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without injury to the caudate. Further investigation of this point is in prog- 
ress. The head and eye symptoms which follow discrete lesions of area 8 are 
also pronounced and more enduring when other parts of the frontal lobe are 
removed in addition to area 8 (18). The motor eye fields of parietal and occipi- 
tal lobe (Graham Brown, 12), probably also play a part in the intensity of 
this reaction. 

Visual ’ defect. The nature of the disturbance in response to visual stimuli 
as a component of this syndrome is difficult to explain. The head and eye 
deviation may be produced by removal of normal motor innervation to the 
muscles of the head and eyes and may thus be analogous to the paresis induced 
by removal of a specific part of the true motor areas 4 and 6. In this respect 
area 8 is a region elaborating complex motor performance for the head as does 
area 6 for the extremities. The unilateral visual defect is more difficult to 
analyse. It is of such a nature that objects in the contralateral field of vision 
are disregarded. Since, however, the defect is transient, and, when bilaterally 
present, does not result in blindness, it cannot be a defect in the afferent 
visual apparatus as in true hemianopia due to occipital lesions. Similarly, it 
cannot be merely an apparent visual defect due to loss of motor power in eye 
muscles, since eye movements are present in all directions at a time when the 
visual defect also exists. Unilateral absence of the blink response to threat at 
a time when other types of lid closure are bilaterally equal also precludes pure 
motor deficit. The defect obviously lies in the cortical connections between 
sensory and motor regions, and it can only be described at present as a lack 
of recognition of or an inability to respond to afferent visual stimuli. 

There are a number of earlier descriptions of "hemianopia” related to le- 
sions of the frontal lobe. In 1895 Bianchi, extirpating one frontal area in 
monkeys, described a visual defect which he recognized as transient, and 
which he thought to be a hemianopia. The dogs of Minkowski (23) and of 
Hitzig (16) exhibited unilateral visual defects after lesions in one sigmoid 
gyrus. L. Bard (1) in 1904 described such an abnormality occurring in asso- 
ciation with conjugate turning of the eyes and head in hemiplegic humans. 
These patients, like our monkeys, did not blink in response to threat in the 
defective eye field. Bard believed that the defect was sensory. 

The bilateral syndrome. The striking alterations in general performance of 
animals after bilateral removal of area 8 is in every respect like that following 
ablation of all the frontal lobe areas exclusive of 4 and 6. Bianchi marvels at 
his monkeys in this state, and at the great "intellectual” deficit which they 
display as they sit motionless and apparently dazed following operation, and 
then evolve a purposeless overactivity and tendency to rage. The same emo- 
tional instability has appeared to a marked degree in our animals. 

We have as yet no evidence as to the relationship of changes in activity 
to caudate injury such as have been described by Richter and Hines (25), for, 
in the present series, the caudate nucleus was not damaged. In view of the 
physiological and direct anatomical connections which exist between area 8 
and the striate nuclei (Hirasawa and Kato, 14), it is pertinent to draw at- 
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tention to the similarity in symptoms between the monkey deprived of area 8 
and the human post-encephalitic in whom striatal disease is present. Restless- 
ness, "dnvenness,” immobility of facial expression and noticeable diminution 
of blinking and of eye movements are symptoms which may be common to 
both conditions. 

It is of interest also that much of the "stuporous” behavior described in 
frontal animals is undoubtedly due to disorder of the components discussed in 
this paper. Clearly the bilateral production of this visual deficit might result 
in the tendency to sit still, to walk slowly, to bump into objects and to blink 
seldom in response to threat. Thus also the circling of the unilaterally ablated 
preparation which appears in relation to deviation of the eyes and head, and 
which is of a forced and purposeless nature may, in the bilateral preparation, 
result in the constantly increasing forced overactivity of the first postopera- 
tive months. 

Summary 

1. The unilateral and bilateral ablation of area 8 in monkeys is followed 
by a characteristic syndrome similar to that produced by removal of the en- 
tire frontal lobe, rostral to area 6 (areas 8, 9, 10, 11 and 12). 

2 A deviation of the head and eyes toward the side of the lesion is pro- 
duced by lesions of area 8, which becomes less marked during the first post- 
operative weeks. A tendency to turn the head in this direction persists much 
longer. 

3. Forced purposeless circling movements appear coincident with head 
and eye deviation. They also diminish in intensity but persist as hyperactivity 
for as long as a year. 

4. A "visual” defect is present contralateral to the lesion which is not a 
hemianopia but which has to do with inability to respond to visual stimuli. 

5. The picture of "intellectual” deficit described by Bianchi following bi- 
lateral frontal lobectomy may be attributed to the alterations in vision and 
in motor performance just described. 
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I. Introduction 

Most previous studies on the control of respiration by the central nervous sys- 
tem have centered mainly around the myelencephalic "respiratory center.” 
In contrast to the exact knowledge which we possess concerning the manner 
in which breathing is regulated by the "respiratory center,” little is known 
concerning the role of the higher parts of the brain in the phenomenon of 
respiration. The fact that man can voluntarily alter the rate and duration of 
either one or both of the respiratory phases, that he can change the respira- 
tory rhythm and can even voluntarily arrest respiration for a certain length 
of time indicates that the cerebral cortex exerts an influence on respiratory 
movements. In addition, it is an observable fact that mammals in general, in 
the waking state, modify their respirations in various ways and it seems pos- 
sible that these modifications are influenced by impulses from the cerebral 
cortex. If one assumes that the cortex is not equipotential in its ability to 
alter breathing, then certain areas ought to be found that are able to produce 
reasonably constant alterations of the respiratory movements when electri- 
cally stimulated under uniform experimental conditions, but the reports of 
previous investigators have been so at variance with one another that one is 
unable to determine from them precisely what areas of the cortex are con- 
cerned. 

HISTORICAL NOTE 

Lepine, in a communication to the Societe de Biologie in 1875, is reported to have 
stated that excitation of the anterior part of the cerebral hemispheres in the dog slows 
and even arrests respiration Since this report investigators have published data which 
indicate that alterations in breathing can be obtained from widely separated parts of the 
cortex Bochefontaine (1876) obtained irregular and inconstant alterations from stimula- 
tion of "those points that have an action on movements of different parts of the body ” 
Fran^ois-Franck (1887) contended that respiratory alterations could be obtained only 
from the sigmoid gyrus in the dog and cat and that no correlation existed between the 
point stimulated and the resultant response, weak stimuli were found to produce accel- 
eration, strong stimuli a slowing Damlewsky (1875) in three instances obtained slowing 
or arrest of breathing in the cat and dog from stimulation of an area in the suprasylvian 
gyrus Unvemcht (1888, 1897) using dogs was unable to confirm the findings of Damlewsky, 
but be located an area in the ectosylvian gyrus from which slowing or arrest of respiration 
was obtained Preobraschenski (1890) confirmed Unverncht’s findings m the dog, and in 
the cat he located two cortical respiratory areas, one near the rostral end of the supra- 
sylvian sulcus produced arrest of the thorax in expiration, the other a short distance 
caudad produced arrest m inspiration Bechterew (1911) from his work and that of his 
associates confirmed Preobraschenski’s findings in regard to the area for expiratory arrest 
in the cat In the dog he found two areas which responded with slowing or arrest of respi- 
ration, one m the rostral part of the suprasylvian gyrus from which arrest m expiration 
was obtained, and another near the end of the sulcus praesylvius which caused slowing or 
arrest in inspiration Stimulation of an area m the most lateral part of the anterior sig- 
moid gyrus caused an increase in frequency of the respiratory movements Munk (1882) 
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and GmneUi (1900) m the dog located areas m different parts of the cortex which pro- 
duced an mhihitory response like that described by Bechterew and which they believed 
controlled the activity of either the inspiratory or the expiratory muscles. 

Spencer (1894) in the cat and dog obtained slowing or arrest of respiration from an 
area including the caudal and lateral part of the olfactory tract and a small area of the 
laterally adjacent cortex. Increase in the rate of breathing was obtained in lightly anes- 
thetized cats and dogs over a wide extent of the cerebral surface, but under deeper anes- 
thesia this effect was most marked when the stimulus was applied to the cortex around the 
medial end of the sulcus praesylvius. Mavrakis and Dontas (1905) confirmed this latter 
finding on the dog. Bucy and Case (1936), in the dog, obtained slowing or arrest from an 
area adjacent and lateral to the rostral end of the coronal sulcus and an increase in rate 
from the lateral part of the anterior sigmoid gyrus. 

Alterations in respiration from stimulation of the cerebral cortex in monkeys have 
been reported by Munk (1882), Spencer (1894), Bechterew (1911) and C. and O. Vogt 
(1919). Munk (1882) obtained arrest of respiration with the respiratory muscles in tetanic 
contraction from stimulation of the cortex just rostral to the curve of the inferior pre- 
central sulcus and just medial to its medial end. Spencer (1894) reported arrest or slowing 
from stimulation of a large part of the orbital surface of the frontal lobe, the area from 
which the response was most easily obtained being just anterior to the junction of the 
lateral olfactory striae with the gyrus hippocampus. Bechterew (1911) obtained arrest of 
respiration in inspiration upon stimulation of an area a little anterior to the medial end 
of the sulcus precentralis inferior and an increase in rate from the cortex a little lateral 
to this area. C. and O. Vogt (1919) observed arrest or slowing from stimulation of the cortex 
just behind the lateral end of the sulcus precentralis inferior. 


An analysis of the results of these investigators shows that they are far 
removed from unanimity not only as regards the position and extent of the 
cortical respiratory areas but also as regards the character of the elicitable 
response. In my investigations on the cat, dog, and monkey ( Macaca mulatto) 
definite regions of the cortex were found which, when electrically stimulated, 
evoked specific alterations of the respiratory movements. Certain regions were 
found to have a predominantly inhibitory effect; others a predominantly ex- 
citatory effect. The inhibitory response was characterized usually by a slow- 
ing or complete arrest of breathing, and occasionally by a marked decrease in 
the amplitude of the respiratory excursions. The excitatory effect, on the other 
hand, was characterized by a marked increase in the rate of breathing. Al- 
though the responses obtained at different times varied in details, they did 
not depart from these fundamental characteristics. 


II. Experimental Procedure 

The usual technique for cortical stimulation was employed, the animal 
being kept under light ether anesthesia and stimulation of the cortex per- 
formed with 60 cycle alternating current using bipolar platinum electrodes 0.7 
mm. in diameter and approximately 2 mm. apart. The electrodes were usually 
applied by hand, but in some instances they were carried by means of a suit- 
able holder attached to a modified Horsley-CIarke stereotaxic instrument. The 
application of the electrodes by this method was found to possess certain obvi- 
ous advantages not attainable by hand exploration, since they can be applied 
without undue pressure on the cortex, and being attached to the head of the 
animal, move with the head, thus avoiding risk of injury to the cortical sur- 
face. The anesthetic was administered from a Woulff bottle connected to a 
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rubber tube introduced through the mouth and larynx into the trachea. An 
uninterrupted passageway for air was thereby ensured and alterations of 
breathing from closure of the larynx were thus obviated. 

A closed system for recording the respiratory movements was used, be- 
cause an open method like the one commonly employed was not found to give 
an accurate record, since its action depends upon intratracheal pressure 
changes rather than increase or decrease in the size of the thorax during the 
respiratory act. Accordingly, for the purpose of obtaining a kymographic 
record the tambour was connected to two rubber sphygmomanometer bags 
held in contact with the thorax and abdomen by an inelastic canvas belt, 
and inflated to the necessary degree. By this method inspiration compresses 
the bags and produces the upstroke on the record, expiration permits the 
compressed bags to relax and produces the downstroke. If desired, abdominal 
and thoracic respiration can be recorded separately. The whole system is suffi- 
ciently free of inertia to follow rapidly whatever changes in breathing occur. 
The arterial pressure was recorded from the femoral artery simultaneously 
with the respiration. The time in seconds and the duration of the stimulation 
were recorded by appropriate methods. 

The extent of the responsive cortex was plotted on a tracing or drawing 
of the cortical surface and at the conclusion of the experiment the brain was 
fixed in 20 per cent formalin, after which blocks were taken, embedded hi 
paraffin, serially sectioned at 20 microns and stained with thionin for cyto- 
architectural study. 

III. Results 
Inhibition 

In the cat and dog (Plate 1, Figs. 1 and 2) an inhibitory response was ob- 
tained from a relatively large area of the cerebral cortex when the animal was 
under very light ether anesthesia, the position of the inhibitory cortex being 
similar in the two species except as regards the cortex of the gyrus proreus. In 
the cat this gyrus usually gave an inhibitory response, but in the dog no re- 
spiratory effect was produced by its excitation. Increase in the depth of an- 
esthesia resulted in decrease in size of the excitable field and finally in abolition 
of the response, an area in the anterior composite gyrus just caudal to the 
sulcus praesylvius being the last to succumb. This area is also the one from 
which an inhibitory response was most easily elicited, it having the lowest 
threshold of excitability, and it was from this area that arrest of breathing 
was most easily obtained. A stimulus of just sufficient strength to produce 
arrest here caused only a decrease in rate when applied to the more caudally 
situated part of the inhibitory field, and in general the effect became progres- 
sively less marked as the caudal edge of the field was approached. The one 
exception to this is furnished by a small area in the caudal part of the anterior 
ectosylvian gyrus (Plate 1, Figs. 1 and 2) for this area appears to have a lower 
threshold than the adjacent inhibitory field and produces a greater inhibitory 
effect when stimulated. However, it was never found to be such a powerful 
inhibitor as the area in the anterior composite gyrus. 
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Stimulation of the inhibitory area in the anterior composite gyrus of both 
cat and dog with current of a strength from 0.2 to 2 milliamperes, depending 
upon the degree of anesthesia, evoked an apparently immediate inhibitory 
response characterized by the thorax assuming the expiratory positions and 
maintaining this throughout the period of stimulation, provided the duration 
of the stimulation was not too prolonged (Plate II, Figs. 1 and 2). Upon cessa- 
tion of the stimulus breathing was again resumed, often for a few seconds at a 
higher inspiratory and expiratory level than that which existed previously or 
there was an immediate return to normal without such a transition. This 
complete cessation of respiration could not be prolonged indefinitely, for after 
several seconds breathing begins again, although at a much slower rate than 
that existing prior to the application of the stimulus. An inspiration of great 
depth frequently initiated respiratory movements after the arrest. Deviations 
from this response were found to occur; for example, upon application of the 
stimulus the thorax sometimes assumed the expiratory position and then im- 
mediately, or after the lapse of one or several seconds of complete cessation, a 
slow inspiration took place over a period of several seconds, reaching a degree 
equal to or greater than that existing previously, after which breathing again 
began but at a much slower rate than before. Upon cessation of the stimulus 
breathing returned to the previous rate and amplitude. If a weaker current 
was used, or if the excitability of the cortex decreased, then a slowing of 
respiration occurred either with or without a change in amplitude and the 
response became less marked as the duration of the stimulation increased. 

Application of the stimulating current at various portions of the inspira- 
tory phase usually resulted in the termination of the process of inspiration, 
the thorax quickly assuming the expiratory position, after which any of the 
responses previously described might occur. At times, however, breathing was 
arrested and the thorax remained in the position it occupied when the stim- 
ulus was applied, and after cessation of the stimulus the phase which had 
been interrupted was completed. On the other hand, breathing may be ar- 
rested for a varying length of time, after which a slow inspiration lasting over 
several seconds may occur until the thorax is expanded to the same or to a 
greater extent than it was prior to the stimulation. If the stimulation is con- 
tinued respirations are resumed at a much slower rate than that existing be- 
fore the stimulus was applied or if the current is discontinued breathing 
rapidly returns to normal. 

*'■ i A less pronounced inhibitory effect was obtained from most of the cortex 
of the sylvian and ectosylvian gyri. Stimulation of this region with a current 
of moderate strength usually resulted in a slowing of respiration without much 
change in amplitude. 

Stimulation of the cortex of the gyrus proreus on both the lateral and 
mesial surfaces of the hemisphere in the cat usually resulted in a pronounced 
decrease in the respiratory rate. Arrest of respiration was rarely obtained and 
the inhibitory response was elicitable only when the anesthesia was extremely 
light. Strangely enough no effect upon respiration was ever obtained from 
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stimulation of this gyrus in the dog, even though stimuli of inordinate inten- 
sity were used. 

The inhibitory area in the monkey (Plate 1, Fig. 3) is much more limited 
in extent than in either the dog or the cat and its boundary is more sharply 
defined. It is situated caudal to the lateral end of the inferior precentral sulcus 
and is limited laterally by the sylvian sulcus. Its caudal limit is frequently 
defined by a shallow sulcus occurring in the precentral gyrus at this point, 
but occasionally a decreased rate or a decreased amplitude was obtained upon 
stimulation just behind this sulcus. Stimulation of this area produced an in- 
hibitory effect upon breathing similar to that obtained in the cat and the dog, 
i.e., arrest of breathing in which the thorax quickly assumed the expiratory 
position (Plate 2, Fig. 3). Resumption of breathing, subsequent to the arrest, 
is more frequently initiated by an extraordinarily deep inspiration in the 
monkey than in the cat or dog. Furthermore, if a weaker current was used or 
if the excitability of the cortex became lowered, stimulation usually produced 
a great decrease in amplitude without much change in rate, while in the cat 
and the dog slowing without much change in amplitude usually occurred. 

The cortical respiratory inhibitory areas when stimulated not only exert 
their influence upon breathing of the usual type, but also have a pronounced 
inhibitory effect upon panting in both the cat and dog. The area in the anterior 
composite gyrus that is the most powerful inhibitor of normal breathing still 
retains its supremacy in the panting animal as evidenced by the fact that 
stimulation of this area with a current of moderate strength causes a cessation 
of panting (Plate 2, Fig. 7). In this instance as in the case of arrest of normal 
breathing, the thorax usually assumes the expiratory position. Stimulation 
with a weaker current slows but does not arrest panting and this is the result 
usually obtained from excitation of the remainder of the inhibitory field, only 
a slight effect being produced from stimulation of its caudal part. 

The increase in rate and amplitude of breathing that is seen upon stimula- 
tion of a sensory nerve, e.g., the sciatic, can be abolished or diminished by 
stimulation of the inhibitory area, the inhibitory effect being most pronounced 
when the area in the anterior composite gyrus is stimulated and when the 
sciatic stimulus is at or just above threshold. At this level the respiratory 
effect of sensory stimulation is completely abolished. If a stronger stimulus is 
applied to the nerve the effect is diminished by cortical stimulation, and in 
general the stronger the sensory stimulus the less the cortical response. 

Acceleration 

The cortical region from which acceleration in the rate of breathing was 
obtained is situated in both the cat and dog in the anterior sigmoid gyrus 
and the immediately adjacent cortex of the medial surface of the hemisphere, 
the response being most easily elicited from the rostrolateral part of the gyrus 
(Plate 1, Figs. 1 and 2). In the cat under very light anesthesia an acceleratory 
effect, characterized by a very active expiration, was also obtained from a 
small area situated just at the rostral end of the sulcus ectosylvius anterior 
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between the sulcus diagonals above and the sulcus rhinalis below. A remark- 
able characteristic of this area is that a complete reversal of response was ob- 
tained when the animal was under deeper anesthesia, stimulation then pro- 
ducing an inhibitory effect. 

In comparison to the extent of the inhibitory area the acceleratory area in 
both cat and dog is relatively small, but it is not so disproportionately small 
as appears in the drawing for it extends into the depths of the sulcus prae- 
sylvius forming its caudal wall. 

The acceleratory response in the monkey was most easily elicited from the 
cortex just rostral to the superior precentral sulcus and from a small area of 
the immediately adjacent cortex of the medial surface of the hemisphere 
(Plate 1 , Fig. 3). 

In the cat, dog, and monkey the acceleratory areas usually respond with 
an increase in the rate of respiration that may amount to several times the 
normal (Plate 2, Figs. 4, 5 and 6). This increased rate is characterized by a 
decrease in the duration of the expiratory pause and may occur with or with- 
out a change in the amplitude of the respiratory excursions. In an apparently 
normally excitable cortex the degree of acceleration appears to depend to a 
certain extent upon the intensity of the stimulus. A limit, however, is reached 
beyond which no further increase in rate is obtainable. Acceleration in the 
monkey was never obtained to the same degree as in the cat and the dog. In 
the latter animals, under very light anesthesia, typical panting respirations 
were sometimes produced. 

In all animals both the inhibitory and acceleratory areas are present in cor- 
responding positions on both sides of the brain and bilateral stimulation is 
more effective than unilateral. Isolation of the inhibitory cortex of the an- 
terior composite gyrus or the acceleratory cortex of the rostral part of the 
anterior sigmoid gyrus by an incision through all the cortical layers does not 
abolish the response, but undercutting these areas without isolation renders 
them unresponsive. The response, however, can be obtained by stimulation 
of the cut ends of the underlying fibers, subsequent to removal of the cortical 
areas. 

The responses were elicitable after bilateral section of the phrenic nerves 
and the vago-sympathetic trunks. They were also obtained after section of the 
spinal cord below the origin of the phrenics, thus demonstrating that the in- 
hibitory effect is mediated over both intercostal and phrenic nerves and in the 
absence of one set the other suffices. Section of the corpus callosum does not 
abolish the responsiveness of the areas in either hemisphere, and removal of 
one hemisphere does not seem to affect the responsiveness of the acceleratory 
and inhibitory cortex in the other. 

Reversal of response was found to occur from two cortical regions in the 
cat. The gyrus proreus which usually produced a marked inhibition of breath- 
ing occasionally responded with acceleration and a small cortical area near 
the rostral end of the sulcus ectosylvius anterior responded with acceleration 
under very light anesthesia and with inhibition when the anesthesia was 
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deeper. From the remainder of the respiratory fields a reversal of response has 
not been encountered. 

IV. Other Responses Occurring Simultaneously with the 
Respiratory Alterations 

In cortical stimulation experiments a single effect is not always obtained 
from stimulation of one area, and even those areas which appear to give a 
single discrete response probably are concerned with functions other than 
those indicated by the observable one. It is not surprising therefore in the 
face of the indicated plurality of functions in the cerebral cortex, that other 
responses are elicited simultaneously with those pertaining to respiration. 

In the very lightly anesthetized cat stimulation of the gyrus proreus not 
only effects an inhibitory response upon breathing but provokes a striking 
effect upon certain somatic responses. Body and extremity movements spon- 
taneously executed are immediately stopped, rigidly extended extremities re- 
lax, lashing of the tail disappears, and the hyperactive animal appears to 
become thoroughly inactive and calm, at least in so far as ordinarily observa- 
ble activity is concerned. In this instance inhibition of breathing seems to be 
part of a generalized inhibitory effect produced by excitation of this part of 
the cortex. In the dog, however, similar inhibitory responses were not pro- 
duced by stimulation of this gyrus. The generalized inhibition that occurs in 
the cat upon stimulation of the gyrus proreus, is also evident upon stimula- 
tion of most of the remainder of the respiratory inhibitory area. 

In both the cat and dog, there may occur, simultaneously with the respira- 
tory arrest, mastication, licking or swallowing movements, either singly or in 
combination, as a result of stimulation of the most excitable part of the in- 
hibitory area in the gyrus compositus anterior; similar results are obtained as 
a result of excitation of the inhibitory area in the monkey. These accompany- 
ing effects are not obtained as a result of excitation of the more caudal part 
of the respiratory inhibitory field in the cat and dog. This latter observation 
combined with the fact that respiratory arrest or slowing can be obtained 
without the swallowing, chewing or licking movements, seems to exclude 
these processes as a cause of the inhibition of breathing produced by cortical 
stimulation. 

Another frequent manifestation concomitant with the respiratory inhibi- 
tion is that characterized by a marked rise in the arterial pressure with or 
without a decrease in the cardiac rate and an increase in the pulse pressure 
(Plate 2, Fig. 1). As regards this particular study the rise in arterial pressure 
must be seriously considered because it stimulates the carotid sinus and thus 
may produce respiratory changes reflexly (Heymans and Bouckaert, 1933). 
Although it is inconceivable that an increase in arterial pressure of the degree 
obtained in these experiments would suffice to arrest breathing, it is possible 
that such an increase might effect a reflex decrease in the rate of breathing. 
That the rise in arterial pressure is effected by a nervous mechanism independ- 
ent of that producing respiratory inhibition is attested by the finding that the 
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arterial pressure increase does not always accompany the respiratory response 
and when it does occur increase in the depth of anesthesia abolishes the cardio- 
vascular response but leaves intact the respiratory one. The crucial experi- 
ment, however, consisted in stimulation of the respiratory inhibitory area in 
the gyrus compositus after removal of both carotid sinuses and both carotid 
bodies. Under such conditions when carotid sinus effects are definitely ex- 
cluded respiratory inhibition still occurred. The independence of the two proc- 
esses is further established by the fact that the increase in arterial pressure is 
obtained from the inhibitory area in the gyrus compositus anterior when the 
animal is under artificial respiration after the respiratory movements have 
been paralyzed by curare (Plate 2, Fig. 8). 

From the acceleratory area a marked fall in arterial pressure usually oc- 
curs simultaneously with the respiratory acceleration (Plate 2, Fig. 5). As is 
the case with inhibition the acceleratory effect is sometimes obtained without 
a change in the arterial pressure. In all three species the acceleratory phenom- 
enon was usually accompanied by turning of the head and eyes toward the 
contralateral side, by bilateral dilatation of the pupils and by movement of 
the contralateral foreleg. 


V. Cytoarchitectuke 

The cytoarchitecture of the cortical region from which respiratory altera- 
tions were obtained is of interest from the point of view of the relation be- 
tween structure and function, for in cat, dog and monkey, the acceleratory 
cortex is situated predominantly in the area frontalis agranularis (area 6 of 
Brodmann), more especially in the part of this area designated by C. and 0. 
Vogt (1919) for the monkey as area 6a. In all three animals this cortex is 
characterized by an indistinct lamination, by a paucity of granular cells and 
by the absence of definite granular layers. In the cat and dog this area is rela- 
tively small as compared to the same area in the monkey and not so well dif- 
ferentiated. It is therefore not surprising to find that the acceleratory area in 
the cat and dog extends caudally into the transition zone between areas 4 
and 6a and rostra lly into the transition zone between area 6a and the poorly 
differentiated cortex of the gyrus proreus. This more or less gradual structural 
change between area 6a and the cortex of the gyrus proreus belies the abrupt 
physiological change which is evident upon electrical excitation, for the small 
vein that usually is found leaving the medial end of the sulcus praesylvius to 
enter the superior longitudinal sinus by passing across the junction of the 
gyrus proreus and the gyrus sigmoideus anterior often marks the rostral 
boundary of the acceleratory cortex. In many cats stimulation just caudal to 
this vein produced acceleration while stimulation just rostral, to it produced 
inhibition. In a similar manner in both cat and dog a small vein passing from 
the rostral end of the coronal sulcus to the sulcus praesylvius often marked 
an abrupt change from acceleratory to inhibitory cortex. Thus far it has not 
been possible to correlate these sudden physiological changes with any abrupt 
cytoarchitectural transitions. 
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The inhibitory cortex in the cat and dog occupies a relatively large part 
of the cortical surface. In view of this it is not surprising to find that the region 
from which inhibition is obtained consists of several cytoarchitecturally differ- 
ent areas. However, the cortical area in the cat and dog from which inhibition 
is most easily elicited (that is, the area in the anterior composite gyrus) and 
the inhibitory area in the monkey consist of cortex similar to that described 
for the acceleratory area, but are cytoarchitecturally differentiated from it 
chiefly by the presence of a greater number of granular cells and by the indica- 
tion of granular layers. This inhibitory area therefore belongs to the lateral 
part of area 6 and has been designated by C. and O. Vogt (1919) for the mon- 
key as area 6b, the area frontalis dysgranularis. In the cat and dog the less 
powerful inhibitory cortex caudal to this area is distinctly granular in type, 
having definite granular layers. 

The gyrus proreus from which an inhibitory response is usually obtained 
in the cat possesses, in its caudal part, cortex similar to that of area 6a, but 
this undergoes a gradual transition so that more rostrally this gyrus has what 
appears to be a rather undifferentiated type of cortex which Langworthy 
(1928) describes as having an embryonic appearance. In the dog no alterations 
of breathing were obtained from cortex of this type. 

VI. Comment 

The evidence obtained in this investigation indicates that the premotor 
area (area 6) is primarily the one from which both acceleration and inhibition 
can be obtained by electrical stimulation. The fact that acceleration was 
usually obtained from excitation of the medial part of this area and inhibition 
from excitation of its lateral part lends further physiological evidence in sup- 
port of the already made cytoarchitectural separation of area 6 into a medial 
part (area 6a) and a lateral part (area 6b). In no instance were respiratory 
alterations obtained from excitation of cortex which could be unmistakably 
identified as motor cortex (area 4). This finding therefore refutes the conten- 
tion of Bochefontaine (1876) and Frangois-Franck (1887) that alterations of 
breathing could only be elicited by stimulation of the sigmoid gyri in the cat 
and dog and that no relation exists between the point stimulated and the 
response elicited. Furthermore, the finding that the inhibitory cortex of the 
anterior composite gyrus in both cat and dog appears to belong cytoarchi- 
tecturally to area 6 is not in agreement with Brodmann’s (1906) concept of 
the structure of this region, for in the cat he designated it as part of the 
agranular gigantopyramidal area (area 4). Also, in the dog the inhibitory cor- 
tex of the anterior composite gyrus was found to possess a structure which 
marks it as belonging to area 6b and not to area 4 as Klempin (1921) reported. 
The fact that the acceleratory cortex belongs to the frontal adversive field 
and that the inhibitory cortex of the anterior composite gyrus belongs to the 
area from which mastication and deglutition is elicited is also evidence against 
either area being homologous with area 4 of primates. 

In the monkey ( Macaca mulatto) the acceleratory area is situated in cor- 
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tex typical of area 6a and the inhibitory area in cortex typical of area 6b. 
O. and 0. Vogt (1919) in Cercopithecus limited the respiratory inhibitory field 
chiefly to their area 6b/?, but the results of my investigations do not indicate 
such a fine distinction because all of area 6b was found to have an inhibi- 
tory effect. 

Even though the gyrus proreus in both the cat and dog consists for the 
most part of undifferentiated cortex of a structurally similar type, the inhibi- 
tory effect elicited by stimulation of this gyrus in the cat was not found to 
occur in the dog even when strong stimuli were used. However, Polimanti 
(1906) reported inhibition of respiration from stimulation of this gyrus in the 
dog. Not only has this finding of Polimanti (1906) not been confirmed by 
this investigation but in addition, no evidence has been obtained to support 
the contention of Gianelli (1900) and others that separate cortical areas exist 
for the innervation of the inspiratory and expiratory muscles respectively. 

That the cortex normally exerts an influence on panting in the cat and 
dog is suggested by the finding that respirations simulating panting can be 
produced by stimulation of the acceleratory area, and also by the fact that 
panting can be inhibited to the point of cessation by stimulation of the in- 
hibitory area. Furthermore, Pinkston, Bard and Rioch (1934) found that after 
removal of the cerebral cortex in cats and dogs true polypneic panting was 
absent and in its stead a long delayed slow hyperpnea occurred under con- 
ditions which would have promptly produced panting of the usual type. 

The course of the corticofugal impulses effecting respiratory alterations is 
not known, but the fact that such impulses are able to exert their influence 
through extrapyramidai pathways seems evident from the investigations of 
Tower (1936) who obtained alterations of breathing from cortical stimulation 
in the cat after section of both corticospinal tracts at the upper level of the 
pons. It is likely that the impulses set up by stimulation of the areas in either 
hemisphere exert their influence primarily upon the myelencephalic respira- 
tory mechanism rather than directly upon the spinal motoneurones since the 
respiratory muscles appear to be affected bilaterally as a functional unit. 

The cortical effect presumably may either increase the rate of discharge 
of the volleys of impulses from the myelencephalic "respiratory center” thus 
producing acceleration of breathing, or it may entirely prevent the discharge 
thus causing cessation, or it may increase or decrease the frequency of the 
impulses composing each volley thus producing either a respiration of greater 
or lesser amplitude, or the combinations of the above may occur so as to 
produce slowing or acceleration with increased or decreased amplitude. 

Summary 

Alterations in breathing characterized by either inhibition or acceleration 
were produced by electrical stimulation of certain regions of the cerebral cor- 
tex in the cat, dog, and monkey ( Macaca mulatto). In the cat and dog, under 
light ether anesthesia, an inhibitory effect upon breathing characterized by 
a temporary cessation or slowing was most easily elicited from an area in 
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the gyrus compositus anterior. A less marked but definite inhibitory effect 
was obtained from most of the cortex of the sylvian and ectosylvian gyri, 
and in the cat from the gyrus proreus as well. Increase in the depth of anes- 
thesia resulted in abolition of the response, the area in the anterior composite 
gyrus being the last to succumb. Stimulation of the inhibitory area not only 
slowed or arrested panting, but also abolished or prevented the alterations in 
breathing that are ordinarily produced by sensory stimulation. 

The inhibitory area in the monkey is situated in the cortical field just 
caudal to the lower end of the sulcus precentralis inferior. 

The acceleratory response was most easily elicited in the cat and dog from 
the rostro-lateral part of the anterior sigmoid gyrus and the adjacent cortex 
forming the caudal wall of the sulcus praesylvius, and in the monkey from 
stimulation of an area just rostral to the sulcus precentralis superior. In the 
cat and dog the acceleration at times was so great as to simulate panting, but 
in the monkey an increase in rate of such magnitude was never obtained. 

Various types of somatic and autonomic responses were obtained simul- 
taneously with the respiratory changes, but these have been excluded as pos- 
sible causes of the respiratory alterations. 

The region from which the acceleratory response was most easily elicited 
belongs cytoarchitecturally to area 6a in all three animals; that from which 
the inhibitory response was most easily obtained belongs to area 6b. 

The presence in the cat, dog, and monkey of cortical areas possessing simi- 
lar cytoarchitectural structure and yielding similar physiological responses, 
suggests the existence of a fundamental plan for the cortical control of respi- 
ration in the general scheme of cerebral cortical evolution. 
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FUNCTIONAL ORGANIZATION IN THE SENSORY CORTEX 
OF THE MONKEY {MAC AC A MULATTA)* 

J. G. DUSSER DE BARENNE and W S. McCULLOCH 
From the Laboratory of Neurophysiology of the Yale University 
School of Medicine, New Haven, Conn. 

Introduction 

In 1924 5 ' 6 the location and extent of the sensory cortex were established in 
the brain of the monkey ( Macaco ,' ) by means of the method of local strych- 
ninization. This cortex was found to occupy a large portion of the post- and 
precentral region, and to comprise three major subdivisions (the leg-, arm- and 
face-subdivisions). This mapping was achieved by the local application of 
minute quantities of strychnine to very small portions of the cortex; such ap- 
plications, if performed within the sensory cortex, resulting in marked symp- 
toms of sensory excitation (paraesthesiae, hyperaesthesia and hyperalgesia) in 
different parts of the body. 

Such an application of strychnine not only produces symptoms of hyper- 
sensitivity but also typical changes in the electrocorticogram (ECG.),f 
namely the appearance of large, rapid potential fluctuations — "strychnine- 
spikes.” The occurrence of such spikes is not limited to the sensory cortex; 
they appear upon local strychninization of any portion of the cerebral cor- 
tex. The distribution of the spikes, however, is dissimilar when the areas are 
dissimilar. 

It is first of all with these dissimilarities in distribution that the present 
paper deals, both in regard to the distribution of the spikes within the cyto- 
architectonic area, of which a part has been strychninized, and in regard to 
the distribution of the spikes in architectonic areas other than the area lo- 
cally strychninized. Furthermore this paper deals with the observation that 
strychninization of two definite areas results, besides producing strychnine- 
spikes in other areas, in a temporary suppression of the electrical activity of 
another area. Finally the results obtained with strychninization were cor- 
roborated in experiments with electrical stimulation of various areas and 
recording of the electrical after-discharge in other areas. 

Methods 

The experiments were all performed on monkeys ( Macaca mulatto), either 
fully anesthetized with Dialf (0.45 cc. per kilogram, half of the dose given 
intraperitoneally, half intramuscularly), or ether, or operated upon under 


* The expenses of this investigation were defrayed by a grant from the Fluid Research 
Funds of the Yale University School of Medicine. 

f Although realizing the hybrid origin of this word, we wish to use the term to desig- 
nate conveniently the record of the electrical activity of the cortex taken directly from its 
exposed surface and to differentiate this record from the electroencephalogram (Berger), 
in which the electrical activity of the cortex is recorded indirectly, through the skull of 
the subject, or at least not directly from the cortex 

t We wish to thank the Ciba Company for kindly putting the Dial at our disposal. 
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Vinylether* and curarized, but studied while awake. The strychnine (3 per 
cent solution, colored with toluidine blue) was always applied to a very small 
portion of the cortex, measuring only 1-4 square mm., either by touching the 
cortex at the desired locus with a pledget of cotton wool twisted around the 
ends of an irisforceps and moistened with the strychnine solution or by cover- 
ing the cortex with a very small piece of filter paper, soaked with the strych- 
nine solution. Before application of the pledget or filter paper the excess 
strychnine solution was carefully removed from it. For brevity we willrefer 
to the application of strychnine to a few square millimeters of cortex, by either 
procedure, as "local strychninization.” 

The electrocorticograms were taken from various portions of the cortex 
with two fine Ag-AgCl electrodes, 3 to 4 mm. apart, this being the optimal 
distance for recording the ECG. with this type of electrodes. In most of the 
experiments the electrical activity was recorded with a cathode ray oscillo- 
graph after suitable amplification through a two-stage DC-amph'fier. This 
method permits only successive electrocorticograms. Later AC-amplification 
with a four-element Westinghouse oscillograph was used for simultaneous 
recording of four electrocorticograms. The results of these experiments con- 
firmed the previous observations. In many experiments bipolar electrical 
stimulation of one cortical focus was performed and the changes in the electro- 
corticograms (electrical after-discharge) of various foci examined. 

Results 

In Figure 1 is shown the location and extent of the sensory cortex of the 
brain of Macaca mulatto, with the subdivision into its leg- arm-, and face- 
areas. 5 

It should be pointed out that, apart from the incorporation of the cytoarchitectonic 
denominations, the present diagram differs in two respects from that of 1924, namely in 
the relation of the beginning and end of the sulcus interpanetalis to the various subdivi- 
sions. The diagram of 1924 was based upon the study of 20 monkeys, in which only a few 
experiments could be devoted to the areas in question. The present diagram is based upon 
a large number of experiments and represents more truly an "average’’ of the findings in 
relation to the configuration of the surface of the macaca ’s brain, which differs so much 
from animal to animal. 

Within each subdivision are also represented some of its cytoarchitectonic 
areas, simplified and modified after the investigations of Brodmann 1 - and 
C. and O. Vogt. 9 The main deviation from their diagrams is the inclusion in 
Figure 1 of a field 4-s between 4 and 6a. From our diagram it can be readily 
understood what is meant in this paper by local strychninization within arm 
4 area (A.4), leg 6a area ( L.6a ), or face 2 area (F.2), etc. 

1. Changes of the ECG. in general following local strychninization. 

Local strychninization of any portion of the cerebral cortex elicits typical 
changes in the ECG. at the site of strychninization, namely the appearance 
of "strychnine-spikes.” The first alteration, within a few seconds after the 
application of the strychnine, is an augmentation of the general electrical 

Tyhe Vinylether (Vinethene) was kindly put at our disposal by the Merck Company. 
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activity of the cortex; 30 to 60 secs, later the strychnine-spikes begin to appear 
which are fully developed in about 2 to 3 minutes. With the development of 
the spikes the "background”-activity, i.e. the potential fluctuations between 
the spikes, often markedly diminishes. At the end of about 15 minutes, the 
spikes begin to decrease slowly in size and frequency, while the background- 
activity is returning to its original magnitude. In 20 to 40 minutes the ECG, 
has usually regained its original characteristics. Renewed local application 
of strychnine then reinduces the whole train of events. 



Fig. 1. Extent and location of the sensory cortex in the brain of 
Macaca mulatto , with some of the architectonic areas, appearing on the 
surface of the brain (slightly modified after Brodmann and C. and O. 

Vogt). The essential deviation from their diagrams is the introduction 
of an area L.4-s and A.4-s. 

The configuration of the strychnine-spikes, recorded from the surface of the hemi- 
sphere, depends upon a number of factors, of which the most important are the size and 
positions of the electrodes and the stage of strychninization. We cannot enter here into a 
discussion of these relations; they have been dealt with to some extent at the Atlantic 
City meeting of the American Neurological Association, June, 1937 (See Transactions of 
that meeting). 

Local strychninization anywhere within the sensory cortex (see Figure 1) 
produces spikes not only in the ECG. of the minute area strychninized, but 
also in other portions of the sensory cortex. The distribution of these spikes 
is wide-spread, but not fortuitous. It is constant for any given area, but dif- 
ferent for the various cytoarchitectonic areas and the various major subdivi- 
sions of the sensory cortex. This distribution is altered neither by deep 
undercutting of the whole sensory cortex, nor by thermocoagulation of a 
narrow circular strip of cortex, throughout its entire thickness, around the 
area strychninized. 
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2. Distribution of the strychnine-spikes within the area locally strychninized. 

The distribution of the spikes within an area locally strychninized differs 
for various regions of the cerebral cortex. This distribution is very restricted 
within the visual cortex (area 17 of Brodmann) and within area 5 of the sen- 
sory cortex: large spikes are present at the site of strychninization, small spikes 
in its immediate vicinity. One or two millimeters and farther away from the 
strychninized locus spikes are absent (see Figure 2). 

In other portions of the cerebral cortex the distribution of the strychnine- 
spikes is much wider. Local strychninization of A.4 for instance results in a 
"firing” of the whole of this area, i.e., results in the appearance of spikes in 
the ECG. of all of A.4 (see Figure 3). 


04 



Fig. 2. Figure 2 gives the results of local strychninization of the visual cortex (area 
17 of Brodmann) and shows that the strychnine-spikes appear only in the immediate vi- 
cinity of the strychninized area. First column shows the ECGs before the strychninization. 
The other ECGs of the loci indicated by the letterings at different times after the strych- 
ninization. Same amplification throughout. Column 1 before, the other columns after the 
strychninization. ECG. of column 2 (e) taken 2 minutes after, those of column 3, 4 min- 
utes; column 4, 7 minutes and column 5, 10 minutes after the strychninization. 

3. Distribution of the strychnine-spikes in other areas than the one strychninized. 

One finds the widest distribution of the strychnine-spikes in the sensory 
cortex. The local strychninization of any cytoarchitectonic area within this 
cortex produces spikes in several other constituent areas. It is advisable to take 
up the various subdivisions of the sensory cortex separately. We shall first 
describe the findings relating to the arm-subdivision. Here the following re- 
sults ob tain ; local strychninization of area 7 "fires” not only this area itself, 
but also areas 5, 2, 1 and 4; that of area 5 fires areas 2, 1 and 4, that of 
area 2 "fires” also areas 7, 5 and 4; that of area 1 fires also areas 7, 5 and 2, 
that of area 4 "fires” also areas 7, 5, 2 and 1. 

In the case of the leg-subdivision the same results are found so far as the 
homologous areas, mentioned for the arm-subdivision, are concerned. In the 
leg-subdivision a portion of area 3 appears on the surface of the hemisphere, 
so* that there this area can be locally strychninized on its surface. Such 
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strychninization results in a "firing” of areas L 5, L.2, L.l, L.3 itself, and L.4. 
In the face-subdivision it was found that local strychninization of its post- 
central region "fires” this region and also the precentral portion, and vice- 
versa. As yet we have not enough experimental data to make a more detailed 
statement for this subdivision. 

What is common to all of these cases is: (1) that strychnine-spikes are al- 
ways largest in the area strychninized locally, and diminish in size with in- 
crease of distance of the area "set on fire” from the area strychninized; (2) that 
the distribution of the spikes is limited to the subdivision locally strychnin- 
ized; and finally (3) that area 6a is not "fired.” 



Fig 3 Figure 3 shows that local strych- 
nimzation of A 4 is followed by large spikes 
throughout this area Record 1 is ECG be- 
fore strychnine-application Record 2 gives 
the ECG at a, record 3 the ECG at b at the 
acme of the strychnine-spikes 


Figure 4 shows: (1) that local strychninization of A.5 does not "fire” this 
area, even in the vicinity of the locus strychninized; (2) that it "fires” A.4; 

(3) that it does not "fire” the precentral and postcentral region of the face- 
and leg-subdivisions. Figure 5 shows: (1) that local strychninization of L.4 
"fires” L.4, L.2 and L.5; (2) that the spikes diminish in size the farther away 
the area "fired” is from L.4; (3) that the arm-subdivision is not "fired” and 

(4) that L 6a is not "fired.” 

In both Figures 4 and 5 the gradual return toward the normal ECG., 
present before the local strychninization, can be observed. 

The sensory cortex situated in front of L.4 and A.4 requires separate men- 
tion. Here two areas, designated 6a and 4-s in Figure 1, can be differentiated. 
First of all it should be stated that area 6a is the only portion of the sensory 
cortex which is not fired by the local strychninization of any other portion 
of the sensory cortex. Secondly, the local strychninization of either portion of 
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area 6a, of L.6a or of A.6a "fires” all constituent areas of the leg- and of the 
arm-subdivisions, i.e. strychnine-spikes appear in L.6a, L.4, L.3, L.l, L.2, 
L.5, A.6a, A.4, A.l, A.2, A.5 and A.7. 

The local strychninization of area 4-s produced equally striking results. 
Strychnine-spikes appeared in all of area 4-s, irrespective of the locus of 
strychninization in this area, i.e. in either A. 4-s or L.4-S, and in the post- 
central portions of the arm- and of the leg-subdivisions. The new observation 
in this set of experiments was that a temporary suppression of the electrical 
activity of area 4 ensued, both in L.4 and in A.4. See Figure 6. Within a few 
minutes after the application of the strychnine to either L.4-S or A.4-S the 
electrical activity of L.4 and A.4 diminished considerably, while strychnme- 
spikes were present in the electrocorticograms of all the postcentral areas of 
the leg- and of the arm-subdivisions. After about 15 minutes, when the strych- 
nine-spikes in these areas began to diminish in size and frequency, the ECG. 
in area 4-s began to come back and 20 to 25 minutes after the application had 
returned to its normal magnitude, simultaneously with the disappearance of 
the strychnine-spikes in the other portions of the leg- and arm-subdivisions. 
No changes were apparent in the ECG. of area 6a. This result is shown in 
Figure 6. 

Areas 6a and 4-s have, therefore, this in common that no functional 
boundary between the arm- and leg-subdivisions is apparent so far as the 
changes in the ECG. following local strychninization of these areas is con- 
cerned, both in regard to the distribution of the strychnine-spikes and in the 
case of area 4-s to the temporary suppression of the electrical activity of 
area 4. 

The local strychninization of area 1, like that of area 4-s, suppresses tem- 
porarily the electrical activity of area 4, while "firing” the other postcentral 
areas of the sensory cortex; it does not produce any changes in the ECG. of 
area 6a. In the case of the local strychninization of area 1, however, these 
changes in the ECG. are restricted to the subdivision to which the minute 
strychninized portion of area 1 belongs. The results of the local strychniniza- 
tion of area 1 are shown in Figure 7. 

4. Electrical stimulation of one locus producing electrical after-discharge 
in other loci of the sensory cortex. 

From previous work 4 * * * 8 we knew that electrical stimulation of such a type 

(sufficiently long duration, long pulses, etc.) that when applied to the "motor” 
cortex motor after-discharge occurs, will at lower voltages still produce an 
electrical after-discharge, evidenced in the ECG., though no peripheral motor 
response is manifest. We have found that when any focus of the sensory cortex 
is thus stimulated the electrical after-discharge is present not only at the site 
of stimulation and its immediate vicinity, but also at other foci, in other areas 

of this cortex. Thus we have here a method to check the results obtained in 
the strychnine experiments. 

It was found that the distribution of this after-discharge upon appropriate 
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electrical stimulation of any one locus of the sensory cortex was essentially 
the same as the distribution of the strychnine-spikes following local strych- 
ninization of this same locus. For this reason it is unnecessary to give the re- 
sults of these experiments in detail. 
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Fig. 6. Figure 6 shows in column 2 the temporary suppression of the ECG. of A.4 and 
L.4 upon local strychninization of A.4-s. Spikes in postcentral cortex (L-A^2 means that 
one of the two electrodes was on L.2, the other on A 2) No apparent change mu 1 BCG. of 
A 6a Records of column 1 before, those of column 2, 7 minutes, and those of column , 
nf minutes aft er the strychninization of A.4-s. Simultaneous ECGs with 4-element 
Westinghouse oscillograph. 

In Figure 8, which shows the distribution of electrical after-discharge in 
the lee-subdivision of the sensory cortex following appropriate electrical stimu- 
lation of a focus of L.4 (4.5 Volt, 5", 60~) it will be seen that electrical stim- 
ulation of a focus of L.4 produces electrical after-discharge in L.4, L.2, and 
L 5 but not in L.6a. Comparison with Figure 5 shows the similarity of the 
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Fig 7 Figure 7 shows the effect of local strychmmzation of A 1 Spikes in A 1, A 2, 
A 5 Temporary suppression of ECG of A 4 in column 2 No changes in A 6a, nor m 
L 2, L 4, F 2 and F 4 Return to normal of ECG of A 4 in column 3 Records of column 1 
before, those of columns 2 and 3 after the strychmmzation 
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Fig. 8. Experiment of April 23, 1936 on same animal and same foci as of Figure S. All records taken before and after 
electrical stimulation (60~, 4.5 V, 4 seconds) of a focus of L.4. Record 1 is ECG. of L.4 itself, 2 that of L.6a, 3 of L.3, 
4 of L.l, 5 of L.2, 6 of L.5. Note electrical after-discharge in all records, except in that of L,6a. 
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distribution of the electrical after-discharge and the strychnine-spikes in these 
two sets of experiments, obtained by electrical stimulation and local strych- 
ninization of one and the same focus, with recording of the ECG. from the 
same loci in the same cortex of the same animal. 

Discussion 

The expression that local strychninization of one area "fires,” or "sets on 
fire,” this or another area is used purely for convenience to indicate the ap- 
pearance of strychnine-spikes in this or that area. In 1912 one of us 3 adduced 
evidence indicating that strychnine produces its remarkable symptoms of 
sensory excitation, if applied locally to the dorsal horn of the spinal cord, by 
acting on the nerve cell bodies — the perikarya — within the strychninized area. 
It is plausible that this holds also for the cerebral cortex, both in regard to the 
symptoms of sensory excitation and to the typical changes in the ECG. fol- 
lowing local strychninization of the (sensory) cortex. 

The observation that injection of strychnine into the white matter under- 
neath the cortex — the corona radiata — does not produce sensory symptoms 
nor strychnine-spikes in the cortex (or the thalamus) is experimental evidence 
supporting the view that the strychnine produces its remarkable symptoms by 
action on nerve cell bodies. The fact that essentially similar spikes occur at 
the site of strychninization irrespective of the cytoarchitectonic structure of 
the area in question shows that the local functional change induced by the 
strychnine is uniform throughout the cortex and that the spikes cannot be 
attributed to the strychninization of any single type of nerve cell. The specific 
distribution of the spikes encountered in these experiments for any given area 
strychninized precludes explanation of the findings in terms of any diffusion 
or absorption of the strychnine. This is in agreement with the older observa- 
tions, previously adduced by one of us, which all indicate the remarkably local 
action of strychnine, when applied locally. 

When strychnine-spikes appear in various areas upon strychninization 
within one area these distant spikes are practically simultaneous with the 
spikes in the area strychninized. Recording on fast-moving film or paper, 
however, shows that there is a delay of a few sigmas, the longer the greater the 
distance between the area strychninized and the area from which the spikes 
are recorded. Whether these propagated, distant spikes are merely axonal 
action-potentials or whether they reflect also the activity of nerve cells ex- 
cited by these axons, is not settled. The long duration of the last phase of 
most of the spikes would seem to indicate that they can not be regarded en- 
tirely as pure axonal potentials. 

Whatever the explanation of the strychnine-spikes may be, the fact that 
an area a "fires” an area b, whereas b does not “fire” a, must be the expression 
of directed functional relations, and, therefore, directed anatomical relations, 
between these two areas. Assuming that strychnine produces the spikes by 
acting on the perikarya of the cortex, the finding mentioned above must be 
interpreted to mean that nerve cell bodies in area a send their axons into area 
b, whereas b has no cell bodies the axons of which extend into a. 
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It is possible to make a few general statements about the course of these 
interareal axons. The distribution of the spikes is not changed by the thermo- 
coagulation of a narrow circular strip of cortex over the entire thickness of 
the cortex around the strychninized locus nor by deep undercutting of the 
whole senson-motor cortex. These findings prove that axons from the area 
strychninized run through the white matter of the pallium to those other areas 
in which strychnine-spikes are present. Even within one area, e.g. A.4, circum- 
thermocoagulation of the locus strychninized does not prevent spikes from 
appearing throughout that area, so that intraareal as well as interareal axons 
pass, through [the subjacent white matter. Obviously, these findings do not 
preclude [the operation of intracortical, i.e. intragriseal, axons, but they do 
show _that such'axons are not necessary for the apparently normal distribu- 



Fig. 9. In Figure 9 are represented diagrammatieally the directed functional (and ana- 
tomical) relations between the various cortical areas of the arm-subdivision of the sensory 
cortex found in these experiments. The suppression of the ECG. of area 4 upon local 
strychninization of area 4-s or area 1 is not represented, because this is not dependent 
upon cortico-cortical relations. . , 

s.a. sulcus arcuatus; s.c. —sulcus centralis; s.ip. —sulcus interpanetahs; s.t. —sulcus 
temporalis I. 

tion of the strychnine spikes. The specific intraareal and interareal, directed 
functional relations within the sensory cortex, schematised on the basis of the 
view that strychnine produces spikes by action on the perikaryon, are given 
diagrammatieally in Figure 9. For reasons of simplicity, the axons are drawn 
as remaining inside the "griseum” of the cortex, although, as stated in the 
preceding paragraph, they actually run through the subjacent white matter. 

The feature common in the phenomena observable after local stiy chniniza.- 
tion of 6a or 4-s is the appearance of strychnine-spikes in both leg- and arm- 
subdivisions of the sensory cortex, although the strychninization was per- 
formed in only one of the following areas: either L.6a or A.6a, L.4-s or A.4-s. 
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This means that, so far as the appearance of strychnine-spikes in the ECG. 
upon local strychninization of these areas is concerned, no functional boundary 
between the leg- and arm-subdivisions exhibits itself. Furthermore the local 
strychninization of either L.4-S or A.4-S results, as shown, in a suppression 
of the ECG. of L.4 and A.4; thus, in this respect, also no boundary appears. 
These findings contrast with the functional boundaries between these sub- 
divisions of the sensory cortex as they manifested themselves by the dis- 
tribution of the symptoms of sensory excitation in the experiments on the 
monkey by one of us in 1924. 

This contrast, however, is not a contradiction. The ECG. expresses the 
activity of the cortex at that level of the CNS, the hypersensitivity depends 
also upon lower levels, notably the optic thalamus. Experiments in which the 
electrical activity of the thalamus, the electrothalamogram, was recorded be- 
fore and after local strychninization of the sensory cortex have provided a 
satisfactory explanation for the apparent discrepancy mentioned above. The 
f rill discussion of this problem must, however, be reserved for a subsequent 
paper, which deals with the functional interrelation of the sensory cortex and 
the thalamus. 

Our area 4-s lies as a narrow band of cortex in front of L.4 and A.4. The 
occipital border usually runs from the posterior end of the arcuate sulcus 
through the posterior portion of the superior precentral sulcus, and continues 
almost parallel to the central sulcus onto the medial aspect of the hemisphere. 
This border, however, is more or less arbitrary because of the great varia- 
bility in size, form and direction of the superior precentral sulcus and of the 
arcuate sulcus. For the anterior border of area 4-s there is no landmark on the 
surface of the hemisphere. All we can say on the basis of our physiological 
observations is that area 4-s is a narrow band of cortex, the width of which 
measures ca. 2 mm. at its bottom and 3 to 4 mm. at its top. 

It should be pointed out that extent and location of area 4-s, as given in 
Figure 1, should be regarded as an "average” of numerous experiments. 

The variability in the pattern of the sulci of the hemisphere of Macaco mulatto, (and 
other species) is so great that the location of area 4-s can only be "diagnosed” experimen- 
tally. This leads in many experiments to interesting composite, additive results. If the 
strychnine is applied not strictly within area 4-s, but encroaches upon area 4, this will 
show up as a combination of a suppression of the ECG. in L.4 and A.4, the part of the 
symptomatology due to the strychninization of 4-s, with occasional, rather small spikes 
in L.4 or A.4, due to the strychninization of the most anterior part of this area. If the 
intended strychninization of area 4-s has been performed too much frontally, the most 
posterior portion of area 6a will also be involved. This will show up by the fact that to- 
gether with the suppression of the ECG. in area 4, there will appear small spikes in L.4 
and A.4 and large spikes in area 6a. Only if the strychninization has been performed 
"purely” in area 4-s will a "pure” suppression in L.4 and A.4 appear without any trace of 
spikes in these areas or in area 6a. In fact, we have in several animals performed such a 
series of differently located local strychninizations in this region, thus establishing the ex- 
act location and extent of area 4-s in each specimen. Usually area 4-s was found to lie 
more forward than expected on the basis of examination of the surface configuration 
especially on brains in which a large posterior "spur” of the arcuate sulcus is present. 

The resemblance in extent and location of area 4-s with the "strip” of 
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Marion Hines 6 is quite striking. Electrical stimulation of this strip of cortex 
in her hands abolished existing motor activities, extirpation resulted in spas- 
ticity, findings entirely in harmony with the temporary suppression of the 
ECG. of L.4 and A .4 upon local strychninization of area 4-s. There can he, 
therefore, no doubt that the "strip” of Hines is identical with our area 4-s. 
Dr. Hines has written us that she dislikes the colloquial designation of this 
area as "the strip,” an expression having come into use as laboratory slang. 
The cytoarchitecture of this area, according to Dr. Hines, is similar to that 
of area 4, but can readily be distinguished from it by the great reduction in 
the number of Betz cells. It seems advisable and appropriate, therefore, to 
designate this area as area 4-s. 

The cortex in front of area 4-s has the cytoarchitecture of area 6 of Brod- 
mann. Dr. Hines wrote: "And if one is very fussy about cytoarchitecture this 
area 6 could be divided into two regions again. The pyramidal cells in layer 
III of the posterior part of area 6 are larger than those found in the same layer 
of the anterior part of this area.” So far we have not been able to find any 
functional differentiation upon local strychninization of area 6a, and have, 
therefore, refrained from subdividing it. 

If it be permissible to transpose the cortex of Macaca mulatto upon that of cercopithe- 
cus of the Vogts (species not given so far as we know) it is obvious that our areas 4-s and 
6a are not to be identified with the areas 6aa and 6a/3 of C. and O. Vogt. 

The suppression of the ECG. of L.4 and A.4 by local strychninization of 
area 4-s is not brought about by cortico-cortieal neurons. The experimental 
evidence upon which this statement rests, will be given in a subsequent paper. 
The observations presented in this paper confirm the hypothesis advanced by 
Dusser de Barenne in 1916 and again in 1924 to explain the finding that 
strychninization of a few square millimeters of the sensory cortex gives rise 
to symptoms of sensory excitation in a large portion of the body. At that time 
it was stated "as the most plausible explanation that the strychnine brings the 
small cortical area poisoned by it into a condition of abnormal and intense 
hyperexcitability and hyperactivity, and that this condition irradiates from 
the area poisoned over the whole of that part of the cortex which is in close 
functional connection with it” [(5) p. 285; see also (4) p. 383]. This .assumption 
has now been proved to be correct in general. The present experiments have 
revealed details which have been dealt with in this paper. 

The method of local strychninization with simple "clinical” observation 
of the animal failed to reveal functional differentiation within the sensory 
cortex except for the existence of functional boundaries between its major 
subdivisions, and, therefore, could not throw further light upon the problem 
of functional localization within the sensory cortex. The method of local 
stry chniniz ation was used in conjunction with recording of the ECG. with t e 
definite anticipation that this combination of methods would uncover just 
such finer differences of functional organization in the sensory cortex; this 
expectation has been confirmed by the experiments presented in this paper. 
These observations have permitted amplification and specification of the 
original hypothesis. 
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Summary 

1. The method of local strychninization in combination with that of re- 
cording the electrocorticogram (ECG.) has proved suitable for study of the 
problem of functional organization within the sensory cortex of the monkey. 

2. Local strychninization of the cerebral cortex induces typical changes 
in the ECG , namely the temporary appearance of large and rapid potential 
fluctuations, or "strychnine-spikes.” 

3. The distribution of these spikes differs with the locus of strychninization. 
In the visual cortex (area 17 of Brodmann) and in area 5 of the sensory cortex 
they are restricted to the area strychninized and its immediate vicinity. In 
the sensory cortex the spikes are widespread and their distribution specific 
for different areas 

4. These specific differences in distribution, described in this paper, are 
the expression of directed relations between the various portions of the sen- 
sory cortex, of a functional organization within this region. 

5. The local strychninization of two areas of the sensory cortex (areas 4-s 
and 1) results in a temporary suppression of the ECG. of areas L 4 and A.4, 
while "firing” other portions of the sensory cortex. 

6. Experiments with recording of the ECG. and local electrical stimulation 
of various areas of the sensory cortex showed that the distribution of the 
propagated excitation, manifesting itself in the spread of an electrical after- 
discharge, was the same as the distribution of the spikes elicited by local 
strychninization of these same areas. 

7. The observations reported here confirm and amplify the original hy- 
pothesis of one of us of an intimate functional interrelation of the various 
areas within any one major subdivision of the sensory cortex. 
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the motor region. 19 The similarity in frequencies of tremor movement and 
brain potentials from the motor region, as compared to the alpha rhythm 
from the occipital region in subject E. R., is shown in Fig. 1-A. The groupings 
of muscle action potentials from the extensor and the flexor (sublimus) 
muscles of the digits in this subject also showed, at times, a 10 per second 
rhythm and a 25 per second rhythm corresponding to the two components 
of the tremor. Subject E. R. showed the same frequency of alpha rhythm 
from the motor and occipital regions corresponding also to the slow compo- 
nent of the tremor. In subjects who showed a difference between the occipital 
alpha and the motor alpha rhythm, the tremor showed a closer correspond- 
ence with potentials from the motor region. For example, in subject M. O. 
(Fig. IB), the occipital alpha rhythm was about 9.5 per second while the 
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rhythmic electrical disturbances, either spontaneously or in response to 
stimulation, which may be related in some way to excitatory processes which 
reach motor neurons innervating voluntary musculature. 

It is the purpose of the present study to investigate further, in man, the 
relationship between rhythmic cortical potentials as recorded through the 
unopened skull and certain rhythmic characteristics of involuntary con- 
traction in striate muscle. We have approached this problem through simul- 
taneous records of normal brain potentials with records of normal finger 
tremor and muscle action potentials, in addition to studies of pathological 
tremor in paralysis agitans and the rhythmic clonic movements in relation 
to seizure waves in epilepsy. 


TECHNIQUE 

Four balanced completely push-pull, condenser coupled amplifiers leading to a four 
element Westinghouse oscillograph were used for independent recording from different 
head regions and for recording muscle potentials, tremor, and brain potentials simul- 
taneously on continuous photographic recording paper. Muscle potentials were recorded 
either from concentric needle electrodes or from surface electrodes on the skin. 

In order to obtain tremor movements with a minimum of distortion, one finger was 
held by the subject in a slightly extended position free from any mechanical attachments. 
The rest of the hand and fingers were held firmly in a frame. Two methods of recording 
were used, (1) a very light piece of metal was taped to the end of the finger which was 
placed in the magnetic field of a head-phone, the potentials set up in the phone coils being 
led to the input of the amplifier, and (2) the finger was placed in a wedge-shaped beam of 
light focused on a Weston photronic cell which was connected to the amplifier. Each of 
these recording devices was capable of detecting finger movements which were scarcely 
visible. The first method of recording exaggerated the more rapid components of the tremor 
to some extent so that it was abandoned in favor of the photo-cell recording for the ma- 
jority of the experiments. The photo-cell method also eliminated the continuous down 
pull on the finger exerted by the magnetic field. The sensitivity of the tremor recording 
devices was adjusted so that there was no electrical interference with the amplifiers used 
for recording the brain and muscle potentials. 

The technique used for the bipolar or monopolar records of brain potentials from elec- 
trodes on the scalp surface is similar to that described in previous publications (18, 19). 


Normal brain potentials and tremor movements 


Tremor movements of the fingers were found to have a major rhythm at 
frequencies between 8 and 13 per second in 10 normal subjects, with an aver- 
age frequency of about 10 per second.* A secondary tremor frequency be- 
tween 17 and 30 per second was also present with an average of about 25 
per second. These frequencies correspond very closely to the alpha and beta 
rhythms previously reported as characteristic of cortical potentials from over 


* In some subjects the average frequency from the little finger was 0.5 to 1.0 cycle 
per second slower than that from the index finger which showed that mechanical effects 
on tremor frequency were not without importance. Precautions were taken to limit the 
recording to only the vertical movements of one finger which avoided gross mechanical 
distortion from hand movements and the interference from the other digits. Under these 
conditions those subjects with a fairly large tremor showed the same frequency in each ot 
the four fingers suggesting that the finger movements were representing actual muscle 
tension rhythms. This was confirmed in records of muscle potentials which showed groups 
of muscle potential discharges at the tremor frequencies as reported Travis an| H u ^ 
(27 28) We were not able to ascertain from our records of muscle potentials taken with 
needle electrodes whether the grouping was made up of interrupted trains of unit dis- 
charges or voTys. The latter is more probable. Experiments are now m progress to elu- 
cidate this point. 
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It has long been known that the central grey matter possesses an inherent 
rhythmicity which is reflected in discharges along motor neurons to volun- 
tary musculature. Horsley and Schafer, in 1886, 16 found that muscular con- 
tractions elicited by cortical stimulation in dogs, cats, rabbits and monkeys 
exhibited a rhythm independent of the frequency of stimulation. This rhythm, 
which they attributed to some fundamental property of the higher cen- 
ters, was usually about 10 per second, or between 8 and 13 per second. 
Schafer, 16 from records of muscle thickening during voluntary contraction in 
man, observed a rhythm of 8 to 13 per second with an average of 10 per 
second. This same frequency appears again in the early studies of the speed 
of single and repeated voluntary movements in man by von Kries (1886). 21 
He found that voluntary rhythmic alterations of finger movement could not 
exceed about 10 per second. 

Hoffman and Strughold 15 have recently shown that muscle action poten- 
tials in man in response to rhythmic stretching of the forearm at a frequency 
of 55 per second were not continuous, as might be expected from the simple 
"Eigenreflex.” They observed rhythmic modulations in the amplitude of the 
train of action potentials. The major rhythm of this modulation, or inter- 
ruption, occurred at a frequency of about 10 per second, demonstrating that 
the reflex centers in the cord were apparently undergoing a fluctuation in 
excitability at about this frequency. 

According to Travis and Hunter, 27 28 the major tremor rate in normal in- 
dividuals, as recorded from the end of the finger, is between 8 and 12 per 
second and is accompanied by rhythmic volleys or "envelopes” of muscle 
action potentials preceding slightly each tremor movement. A secondary 
rhythm of 40 to 50 per second was found to be superimposed upon the major 
10 cycle frequency. 

These results may have acquired a new significance in the light of Berger’s 
discovery that the predominant potential rhythm of the cerebral cortex in 
man is also at about 10 per second, with a range of frequencies very similar to 
that found by Schafer in the super-imposed tremor during voluntary contrac- 
tion in man. Cortical potential rhythms between 9 and 12 per second have 
also been found characteristic of cortical electrograms of the dog and the 
monkey. 6 2 Adrian 1 has recently demonstrated that certain potential waves 
from the motor cortex of the monkey are directly associated with excitatory 
processes to the motor neurons resulting in movements of the limb muscles. 
It appears from these studies that certain central neurons give rise to slow 

* Research conducted with the aid of a grant from the Rockefeller Foundation. 
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rhythmic electrical disturbances, either spontaneously or in response to 
stimulation, which may be related in some way to excitatory processes which 
reach motor neurons innervating voluntary musculature. 

It is the purpose of the present study to investigate further, in man, the 
relationship between rhythmic cortical potentials as recorded through the 
unopened skull and certain rhythmic characteristics of involuntary con- 
traction in striate muscle. We have approached this problem through simul- 
taneous records of normal brain potentials with records of normal finger 
tremor and muscle action potentials, in addition to studies of pathological 
tremor in paralysis agitans and the rhythmic clonic movements in relation 
to seizure waves in epilepsy. 


TECHNIQUE 

Four balanced completely push-pull, condenser coupled amplifiers leading to a four 
element Westinghouse oscillograph were used for independent recording from different 
head regions and for recording muscle potentials, tremor, and brain potentials simul- 
taneously on continuous photographic recording paper. Muscle potentials were recorded 
either from concentric needle electrodes or from surface electrodes on the skin. 

In order to obtain tremor movements with a minimum of distortion, one finger was 
held by the subject in a slightly extended position free from any mechanical attachments. 
The rest of the hand and fingers were held firmly in a frame. Two methods of recording 
were used, (1) a very light piece of metal was taped to the end of the finger which was 
placed in the magnetic field of a head-phone, the potentials set up in the phone coils being 
led to the input of the amplifier, and (2) the finger was placed in a wedge-shaped beam of 
light focused on a Weston photronic cell which was connected to the amplifier. Each of 
these recording devices was capable of detecting finger movements which were scarcely 
visible. The first method of recording exaggerated the more rapid components of the tremor 
to some extent so that it was abandoned in favor of the photo-cell recording for the ma- 
jority of the experiments. The photo-cell method also eliminated the continuous down 
pull on the finger exerted by the magnetic field. The sensitivity of the tremor recording 
devices was adjusted so that there was no electrical interference with the amplifiers used 
for recording the brain and muscle potentials. 

The technique used for the bipolar or monopolar records of brain potentials from elec- 
trodes on the scalp surface is similar to that described in previous publications (18, 19). 

Normal brain potentials and tremor movements 

Tremor movements of the fingers were found to have a major rhythm at 
frequencies between 8 and 13 per second in 10 normal subjects, with an aver- 
age frequency of about 10 per second.* A secondary tremor frequency be- 
tween 17 and 30 per second was also present with an average of about 25 
per second. These frequencies correspond very closely to the alpha and beta 
rhythms previously reported as characteristic of cortical potentials from over 

* In some subjects the average frequency from the little finger was 0.5 to 10 cycle 
per second slower than that from the index finger which showed that mechanical effects 
on tremor frequency were not without importance. Precautions were taken to limit the 
recording to only the vertical movements of one finger which avoided gross mechanical 
distortion from hand movements and the interference from the other digits. Under these 
conditions those subjects with a fairly large tremor showed the same frequency in each of 
the four fingers suggesting that the finger movements were representing actual muscle 
tension rhythms This was confirmed in records of muscle potentials which showed groups 
of muscle potential discharges at the tremor frequencies as reported by Travis and Hunter 
(57 98) We were not able to ascertain from our records of muscle potentials taken with 
needle electrodes, whether the grouping was made up of interrupted trains of unit dis- 
charges or volleys. The latter is more probable. Experiments are now m progress to elu- 
cidate this point. 
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the motor region. 18 The similarity in frequencies of tremor movement and 
brain potentials from the motor region, as compared to the alpha rhythm 
from the occipital region in subject E. R., is shown in Fig. 1-A. The groupings 
of muscle action potentials from the extensor and the flexor (sublimus) 
muscles of the digits in this subject also showed, at times, a 10 per second 
rhythm and a 25 per second rhythm corresponding to the two components 
of the tremor. Subject E. R. showed the same frequency of alpha rhythm 
from the motor and occipital regions corresponding also to the slow compo- 
nent of the tremor. In subjects who showed a difference between the occipital 
alpha and the motor alpha rhythm, the tremor showed a closer correspond- 
ence with potentials from the motor region. For example, in subject M. O. 
(Fig. IB), the occipital alpha rhythm was about 9.5 per second while the 
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Fig. 1. Normal Tremor and Brain Potentials. A. Subject E. R. showing the slow (10.5 
per sec.) and the rapid (25 per second) rhythm in the tremor from the right index finger 
(1) corresponding to the frequencies found in the Occipital (2) and precentral (3) brain 
potentials. B. Subject M. O. showing left index finger tremor at 11 per second (1) at the 
same time as occipital alpha rhythm (2) at 9.5 per second. C. Subject C. J. showing right 
precentral brain potentials (1) with left second finger tremor. The tremor shows the same 
frequencies and a similar response to light stimulation as the brain potentials. 
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slower components of the potential rhythms from the motor region were 
about 11 per second which corresponded with the tremor frequency. 

The arrest of the occipital alpha rhythm, either "spontaneously” or by 
light stimulation of moderate intensity, may be associated with very little 
change in the tremor as shown in Fig. IB. We have occasionally observed, 
however, changes in the finger tremor with unexpected auditory stimulation 
which parallel quite closely the changes in the potential rhythms from over 
the precentral region as shown in Fig. 1C. In some cases an unexpected 
auditory stimulus caused an arrest of the tremor for about one-half second 
followed by a sudden facilitation of the tremor to about twice its former 
magnitude, returning to its normal magnitude after about five seconds.* 
The potentials from the motor cortex were usually decreased in ma gnitude 
during the period of augmentation of the tremor and returned to their nor- 
mal amplitude and regularity as the tremor decreased to its normal level. 
In subjects with little or no slow rhythm from the motor cortex, as in the 
example given in Fig. 2C, no relationship can be shown between the brain 
potential rhythms and tremor frequency. Since the absence of the slow 
rhythms and the presence of low amplitude higher frequency potentials (40 to 
60 per second) is characteristic of a condition of cortical excitation, 17 it seems 
that either the true frequency of cortical discharge is not obtained under 
these conditions, due to desynchronization, or the control of the tremor 
frequency is taken over by sub-cortical motor centers. 

It appears from these results that tremor movements and brain potentials 
from over the precentral cortex may correspond closely in their frequencies 
and response to stimulation under certain conditions in normal individuals, 
but the absence of correspondence in other cases shows that there is no neces- 
sary relationship between the frequency of cortical potentials and that of 
the tremor movements. 


The effect of sleep on tremor and brain potentials 
Since brain potential rhythms are known to be altered markedly in 
sleep, 13 ' 25 it was thought that simultaneous records of tremor movements and 
brain potentials during sleep might help to clarify the functional relationship 
between these two phenomena. 

Brain potentials from the frontal, precentral, and occipital regions of 
the head were recorded simultaneously with finger tremor movements dur- 
ing sleep in three normal individuals. In one of these individuals the tremoi 
records during sleep were not sufficiently regular for consideration, due 
chiefly to technical difficulties. Examples of results from the other two sub- 
jects are given in Fig. 2. In subject H. C. the waking record (A) showed a 
relationship between the potentials from the frontal pairs of head electrodes 
(1 and 2) and the tremor from the right index finger (4) with a predominate 
frequency of 10 to 11 per second. The occipital alpha rhythm (3), however, 


* An augmentation of the alpha rhythm from the motor region is also occasionally 
observed in response to stimuli which causes a complete arrest of the alpha rhythm from 
the occipital region (19). 
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Fig. 2. Brain Potentials and Tremor During Sleep. The first records show correspond- 
ence between tremor frequencies from the right second finger (4) and brain potentials 
from the left frontal region (1) and lack of correspondence with occipital brain potentials 
from subject H. C. awake (A) and asleep (B). The second two records, from subject H. A. 
awake and asleep, shows little correspondence between either left precentral (1) or left 
occipital (2) brain potentials and right second finger tremor (3) awake but a remarkable 
correspondence between brain potential frequencies (1, 2, and 4) and tremor (3) during 
sleep. 
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was above 12 per second, showing little correspondence with the tremor 
rate. During sleep (B) both the tremor rate and the brain potential rhythms 
decreased to 5 per second. The second subject (H. A.) awake (C) showed little 
correspondence between tremor (3) and brain potential rhythms (1 and 2). 
(Former experiments on this subject had shown a much closer correspond- 
ence.) The tremor also was quite irregular showing possible frequencies at 
about 10 and 16 per second. During sleep, however, this subject showed a 
remarkable correspondence between tremor and brain potential rhythms with 
a characteristic frequency of 13 per second in each. This shows that the 
"sleep rhythm” or "spindles” of Loomis, Harvey and Hobart 25 may also be 
found in tremor movements. These changes in both tremor and brain poten- 
tial frequencies as a result of sleep show a close functional relationship be- 
tween cortical potential and tremor rhythms under these conditions. 

One presumably normal subject, F. T., a female nurse 27 years of age, with 
no recognized neurological disorder, was selected for study because of a some- 
what exaggerated regular tremor in both hands. Recording with the photo- 
electric cell method, it was found that the same frequency of tremor, 6 to 
7 per second, was present in each finger of either hand. Placing the hand palm 
down or palm up and changing the amount of voluntary tension of the finger 
did not alter the tremor frequency. The brain potential rhythms from fron- 
tal, precentral, and occipital bipolar leads showed no correspondence with 
the tremor frequency at the beginning of the experiment as shown in Fig. 
3A. The subject was nervous and apprehensive at this time and showed very 
little slow rhythm in the brain potentials from either bipolar or monopolar 
leads except for an occasional group of low amplitude occiptial alpha poten- 
tials at a frequency of 9 to 10 per second. The tremor, however, was regular 
and continuous at a frequency of 6.8 per second. 

After about one-half hour the subject appeared much more relaxed and 
less apprehensive about the experiment. The tremor continued as usual at 
6.5 to 7.0 per second. Bursts of large amplitude rhythmic potentials, at the 
tremor frequency, now appeared in the brain potentials from all regions. Each 
burst lasted for about 3 seconds. They were more prominent from the frontal 
and central regions. Excitation of the subject at this time with an unexpected 
visual or auditory stimulation would produce again the excited brain po- 
tential picture with no large amplitude slow potentials. The tremor would 
continue undisturbed. It appears as if the continuous rhythmic subcortical 
discharges responsible for the tremor could momentarily control the syn- 
chronized beat of the cortical cells if the cortex was not sufficiently activated. 
The possibility of independent subcortical control of tremor which may mo- 
mentarily take over control of cortical potential rhythms is demonstrate 
in this subject. 


Paralysis agitans 

Two unilateral paralysis agitans patients were made available for study 
through the kindness of Dr. Westcott of Butler Hospital. These patients 
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showed no mental deterioration and had a slight tremor, within normal 
limits, on the right side. The digits of the left hand showed the continuous 
gross tremor of 4 to 5 per second, typical of patients with this disorder. Sam- 
ple records of tremor movements from the index finger on the unaffected side 
taken together with brain potentials are shown in Fig. 3C. The brain poten- 
tials showed the typical normal alpha rhythm between 8 and 10 per second 
and a beta rhythm between 20 and 30 per second firom either hemisphere. 
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Fig 3 Bram Potentials and Abnormal Tremor. Records A-E bram potentials from 
frontal, precentral, and occipital head regions are shown in 1, 2, and 3 with finger tremor 
in 4 A and B are from subject H T excited with no correspondence between tremor and 
bram potentials and relaxed with large bursts of bram potentials at tremor frequency. 
C-E from unilateral paralysis agitans, patient W , showing correspondence between tre- 
mor and brain potentials on normal side (C) with no correspondence on affected side (D 
and E) Calibration lines equal 20 microvolts 


The tremor from this side also showed approximately the same combination 
of frequencies. The bipolar (D) and monopolar (E) records of brain poten- 
tials showed no relationship with the tremor from the affected side. That the 
tremor movements give a faithful picture of muscle activity was shown by 
the bursts of muscle potential from the flexor digitorum profundus preceding 
slightly each tremor movement. 

In two other cases of more advanced bilateral paralysis agitans, short 
bursts of large amplitude brain potentials would occur occasionally at the 
tremor frequency in a manner similar to that described above for the "nor- 
mal” subject F. T. 

These cases demonstrate that the pathological process of paralysis agi- 
tans may be localized, in the unilateral cases, producing continuous rhythmic 
discharges which do not affect the tremor of the unaffected side nor do they 
appear to be related to cortical potential rhythms as is the normal tremor. 
In the more advanced cases the spontaneous rhythms of the cortex may be 
controlled, to a certain extent, by the more extensive subcortical discharges. 
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Clonic movements and seizure waves in petit mat epilepsy 

Seizure waves, led off directly from the motor cortex in rabbits and mon- 
keys during convulsions brought on experimentally by means of convulsant 
drugs or over-breathing, were shown by Kommiiller to have a fairly definite 
relationship to the frequency of clonic movements. 20 The relationship was 
not perfect and seizure waves could be detected at times when there was no 
evidence of any overt convulsion. Gibbs, Davis, and Lennox 13 had the im- 
pression that the frequency of clonic convulsive movements in epileptic pa- 
tients was similar to that of the 3 per second discharges found from the 
cortical potentials as recorded through the skull. They report the presence 
of seizure waves in some patients without any detectable convulsive move- 
ments and also that seizure waves usually precede the convulsive movements 
at the beginning of an attack. Foerster and Altenburger 11 have obtained 
seizure waves directly from the motor cortex in man during brain surgery 
simultaneous with a Jacksonian attack of the right arm. Since muscle ac- 
tivity was not recorded with the seizure waves in these patients the precise 
relationship between the two phenomena is in need of further study. 

Simultaneous records of brain potentials, clonic movements, and muscle 
potentials were obtained from three petit mal epileptic patients who usually 
showed minor motor manifestations at some time during the attack. Cortical 
potentials were taken from bipolar leads over the left precentral region. 
Clonic movements of the right index finger were recorded by the photo-cell 
method. Muscle potentials were obtained chiefly from silver wire electrodes 
on the skin surface over various arm and leg muscles. Concentric needle 
electrodes in the muscle did not prove satisfactory due to displacements of 
the base line with the muscle movements and to the difficulty of getting the 
needle over units which would be activated during the clonic contractions. 

After the electrodes were placed, seizures were brought on by over- 
breathing. In all seizures, one to ten of the "spike” and slow wave patterns 
would appear before clonic movements could be detected. If the movements 
involved muscles from which the recording was made, each seizure wave 
might be accompanied by a burst of muscle potential after a latency of 50 
to 60 milliseconds and by a clonic finger movement after a latency of about 
100 milliseconds as shown in Fig. 4 A and B. Little importance can now be 
attached to these latencies since it is often very difficult to determine from 
what part of the complex seizure wave they should be measured. They were 
measured from the beginning of the first "spike’ which, in some cases, seemed 
to initiate the epileptiform discharge. 

Simultaneous action potential records from the extensor digitorum and 
the gastrocnemius in one experiment gave apparent latencies of about 50 
milliseconds to the gastrocnemius and about 100 milliseconds to the extensor 
digitorum (Fig. 4A). The aspect of the seizure wave from which this latency 
was measured to the gastrocnemius probably did not represent the same part 
of the cortical discharge for the extensor. This delay of about 50 milliseconds 
in the arrival of the impulse from the leg to the arm musculature may be 
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largely due to the conduction time from the leg to the arm area in the cortex 
since conduction velocity of such waves in the cortex has been shown by 
Adrian 3 to be from 5 to 50 or 60 cms. per second in anaesthetized animals. 
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Fig. 4. Seizure Waves, Muscle Action Potentials, and Clonic Movements in Petit 
Mai Epilepsy. A. Patient H. T. during an attack. (1) Right digit extensor and (2) right 
gastrocnemius muscle potentials from surface electrodes. (3) Left precentral brain po- 
tentials. B. Same patient at beginning of another attack. (1) Potentials from needle elec- 
trode in right flexor of digits showing slow movement artifacts with muscle potentials 
scarcely visible. (2) Left precentral brain potentials. (3) Right index finger movements 
(photo-cell method). C. Same patient at end of another attack which did not involve the 
gastrocnemius. (1) Muscle potentials from right digit extensors and (2) right gastrocne- 
mius (surface electrodes). (3) Left precentral brain potentials (bipolar leads). Calibration 
lines in A and B equal 50 microvolts, and in C equal 20 microvolts. 

If one assumes that the conduction velocity may be 100 cms. per second in 
the unanaesthetized cortex this would imply a distance of about 5 cms. be- 
tween the arm and leg areas which is not far from the right order of magni- 
tude. 

In the three patients used in this study, the convulsive movements 
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Dusser de Barenne 8 has shown a close functional relationship between 
spontaneous discharges from the sensory cortex in the monkey and the sen- 
sory projection areas in the thalamus. Local strychninization of either the 
thalamus or cortex would set the thalamo-cortical system "on fire.” Gerard, 
Marshall, and Saul 12 report the same frequencies of spontaneous discharge 
throughout the visual system in the cat. It would appear from our findings 
on normal individuals that the spontaneous rhythmic activity of precentral 
regions of the cortex may be related to rhythmic discharges reaching the final 
motor pathways when the entire system is "at rest.” Cortical activation 
through afferent channels may either control the tremor, causing an arrest 
of the slow rhythms in cortical potentials as well as in the tremor (the fami- 
liar arrest of paralysis agitans tremor with voluntary movement), or it may 
cause a dissociation of the cortical and subcortical motor centers, in this case 
usually causing an exaggerated tremor. 

The continuous slow tremor unrelated to cortical discharges found in 
mild cases of paralysis agitans indicates that the controlling centers in this 
condition are subcortical; probably related to the striato-pallidal motor 
system. The breaking through of these subcortical discharges into the cortex 
when they become more extensive or with a decrease in cortical activation 
demonstrates the possibility of a close functional interrelationship between 
the spontaneous activity of cortical and subcortical motor systems. There 
is apparently a dynamic interplay between cortical and subcortical rhythmi- 
cally discharging centers in competition, or, under normal resting conditions, 
integrated for the control of impulses reaching the final common path. 

The occurrence of cortical seizure waves previous to the detection of 
motor disturbance in the epileptic patients shows that the excessive syn- 
chronized discharge in these cases first involves regions of the cortex not 
directly related to the motor system. As the seizure waves increased in mag- 
nitude the motor regions were involved, causing volleys of impulses to be 
set up in the motor nerves for each slow cortical potential. The lack of cor- 
respondence between the cortical seizure waves and bursts of muscle action 
potentials in some cases may be due to the setting up of autonomous dis- 
charging centers, probably subcortical, which may take over the control of 
certain motor pathways. 

Kubie’s 22 hypothesis in regard to the etiology of spontaneous movements 
is of particular interest in relation to the results of the present study. Con- 
tinuous activity is assumed to be maintained in the "silent” areas of the 
brain by means of impulses conducted in closed circuits or reverberating, 
self-exciting, neuron chains. Since spontaneous activity, as indicated by 
rhythmic electrical activity at 10 per second, has been found to be almost 
continuously present also in the motor area of the monkey and related most 
specifically to the pyramidal cell layers, it is necessary to assume that con- 
tinuous activity is not normally confined to Kubie’s "silent” areas. The 
normal control of spontaneous movement appears to be due to the delicate 
integration of cortical and subcortical discharging centers rather than to the 
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blocking of discharges from "silent” areas to keep them from getting into the 
motor system. Spontaneous movements appear to a pathological degree 
when the synchronized discharge of large masses of cells becomes excessive, 
as m the epileptic attack; the smaller cell groups losing their individuality 
of differentiated function. 

The continuity of rhythmic activity may not be dependent upon a self- 
exciting circuit of neurons but to the spontanoeus repetitive firing of units 
which get into step through mutual facilitation as suggested by Adrian. 1 
The nature of the spontaneous activity, although related to impulses arriv- 
ing from other neurons, may be conditioned to a great extent by the chemical 
environment of the cells or the "blood stimulus” of Graham Brown, 7 thus 
determining not only the degree of spread of spontaneous activity as sug- 
gested by Kubie, but also being actually the "stimulus” for its maintenance 
since spontaneous firing of isolated axons may occur in certain rather definite 
chemical environments. 10 ■ 23 ' 24 

Summary 

The relation between cortical potential rhythms as recorded through the 
unopened skull and tension rhythms in forearm musculature has been in- 
vestigated by means of simultaneous records of finger tremors, muscle action 
potentials, and cortical potentials in normal subjects and in patients with 
paralysis agitans and petit mal epilepsy. The frequency of normal tremor 
movements was found to correspond closely with the frequency of potential 
rhythms from the regions of the cortex anterior to the central fissure; the 
major rhythm being at about 10 per second with a minor rhythm of about 
25 per second. During normal sleep the tremor rhythms show changes which 
parallel the changes in cortical potential rhythm; namely, slow rhythms of 
about 5 per second and bursts of 13 to 14 per second waves. 

Sensory stimulation may depress the tremor as it does the cortical poten- 
tials or may cause a dissociation between cortical potentials and tremor 
rhythms, the slow rhythms of the cortex being arrested simultaneously with 
an increase in amplitude of the tremor. It appears that there is an interrela- 
tionship between cortical and subcortical centers in the normal subject at 
rest which is reflected in the grouping of discharges which reach the final 
common pathway, but that this relationship may be disturbed by sensory 
stimulation. Also, the subcortical centers may dominate the tremor move- 
ments and become permanently dissociated from rhythmic cortical activity. 

In exaggerated bilateral tremor in "normal” individuals there may be no 
relationship between cortical potential and tremor frequencies as long as the 
cortex is activated by sensory stimulation or conditions of general excite- 
ment or apprehension and the finger maintained in a given postural adjust- 
ment With a decrease in cortical activation the cortical discharges may be 
periodically controlled by the subcortical activity and also, with a certain 
type of cortical activation as in voluntary contraction, the cortex may in- 
hibit the subcortical discharges or take over the dominant control of the 
final common pathways. 
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The abnormal tremor of 4 to 5 per second in two unilateral paralysis 
agitans cases did not appear m the cortical potential rhythms which corre- 
sponded to the tremor of the unaffected side. In more advanced bilateral par- 
alysis agitans cases the 4 to 5 per second rhythm would appear periodically 
m the cortical potential rhythms even though the tremor was continuous. 
It is concluded that the normal functional integration between cortical and 
subcortical motor centers is interrupted with only a moderate or unilateral 
involvement of the striato-pallidal motor system. More extensive bilateral 
involvement may produce subcortical activity which occasionally takes over 
the control of cortical rhythms. 

Cortical seizure waves in epileptic patients may be associated with cor- 
responding bursts of muscle potentials with clonic movements at 3 per second. 
The latency from the onset of the seizure wave to the muscle potential may 
be of the order of 50 milliseconds. The lack of correspondence between clonic 
movements and seizure waves in some attacks indicates that other centers, 
probably subcortical, may be set into autonomous activity and take over 
control of certain motor pathways 
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Of importance in the maintenance of a relatively constant body tempera- 
ture are those heat loss activities which are brought into play on exposure 
to an excessively warm environment and aid in preventing the temperature 
of the body from becoming elevated above its normal range. In the cat, 
polypnea and panting are the most easily observed as well as the most im- 
portant factors in the elimination of excessive bodily heat. Sweating is ob- 
served only on the pads of the feet, and peripheral vasodilatation is difficult 
to measure even with the most delicate thermocouples applied to the skin. 

In the cat, panting usually does not occur in response to external heat 
until there is considerable rise of body temperature. An average rise of 0.78°C. 
occurred before panting began in a series of 43 cats subjected by Clark (1937) 
to external temperatures of 40°C., but in five of these cats panting occurred 
before there was any rise in rectal temperature. The results in these five cats 
are suggestive of the reflex panting without rise in body temperature which 
is known to occur in the dog. Acknowledging the possibility that surface 
receptors may cause reflex panting in the cat, it is certain that the reaction 
is usually elicited by the elevation of body temperature. 

A number of observations have indicated that an elevated intracranial 
temperature constitutes an effective stimulus for the activation of the heat 
loss mechanism. Warming the carotid blood entering the head has been 
shown (Kahn, 1904; Moorhouse, 1911; Hammouda, 1933) to cause sweating, 
peripheral vasodilatation, and hyperventilation in experimental animals, and 
the authors have inferred that these effects were produced by direct or cen- 
tral activation of regulating centers in the brain by the rising temperature 
of the blood. 

Some support of this view has been provided by experiments in which 
parts of the brain have been heated directly, either by warm water passing 
through a closed tube inserted in or applied to the desired region, or by open 
irrigation with warm saline. Barbour (1912), Hashimoto (1915) and Prince 
and Hahn (1918) found a fall in body temperature resulted from heating 
the corpus striatum in the rabbit and cat, and the first two workers described 
a peripheral vasodilatation during this procedure. Moore (1918) confirmed 
the antipyretic action of warming this region but showed that the corpus 
striatum was not specifically related to the effect, and Sachs and Green (1917) 
could not observe any constant result of warming or irritating the corpus 
striatum in various other ways. It has been pointed out by Bazett (1927) 
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that the effects obtained by Barbour and others were probably produced at 
some distance from the site of heating in the corpus striatum because of the 
high temperatures which had to be used to obtain reactions. Hasama (1929) 
found a fall m body temperature to result from warming the base of the hy- 
pothalamus and preoptic region in the cat, and observed a profuse sweating 
on the footpads during this procedure. Irrigation of the third ventricle with 
warm saline was shown to produce polypnea and panting in the dog by 
Hammouda (1933). These observations are not altogether consistent but 
appear to indicate that a rising intracranial temperature is able to activate 
the heat loss mechanism. 


In the course of a series of investigations in this laboratory of the role 
of the hypothalamus in the central regulation of body temperature ( Hanson 
and Ingram, 1935; Teague and Ranson, 1936; Ranson, Fisher and Ingram, 
1937; Ranson, Jr., 1938) it became desirable to reinvestigate the central ac- 
tion of heat in initiating heat loss activities and to attempt a more precise 
localization of the portion of the brain concerned. 


METHODS 


As a first step in this direction an apparatus was assembled which provided a high 
frequency alternating current, whose warming effect could be altered as desired by chang- 
ing the voltage. The low power high-frequency unit consisted of a rectifier with an output 
of 600 volts at 50 ma., and a tuned-plate tuned-grid oscillator. A type 10 tube was used 
for the oscillator and its plate and grid tank circuits were calculated to oscillate at 1,000,- 
000 cycles. The voltage across the electrodes was measured with a cathode ray oscillo- 
graph. It was convenient to measure voltages from peak to peak on the face of the tube 
and then divide by 2.8 to obtain the r.m.s. (root mean square) alternating current. 
Cats were used and the desired region of the brain was heated by passing the current 
between 2 electrodes or occasionally between 2 pairs of electrodes oriented within the 
brain with the aid of the Horsley-Clarke stereotaxic instrument. The electrodes, which 
consisted of straight lengths of 22 gauge nichrome wire, insulated with enamel to within 
2 mm. of the exposed pointed tip, were fixed in a multiple needle carrier and inserted ver- 
tically through the dura after reflection of the skin and temporal muscles and removal of 
the appropriate portion of the calvarium. The location of the electrodes and the amount 
of damage done to the brain was checked in most of the experiments by the microscopical 
study of serial sections of the brains. Urethane in a dosage of 1 gm. per kilo, intraperi- 
toneally, was the anesthetic employed and a consideration of the use of anesthetics in 
these experiments is presented elsewhere (Magoun, 1938). Whenever the initial polypneic 
panting which occurred in about one-third of the cases under urethane was present, am- 
ple time or fall in body temperature was allowed for its disappearance. We have con- 
sidered the subsequent reactions to heating the brain in these animals valid, for the 
specificity of the nature and location of this stimulus was repeatedly demonstrated and 
extensively controlled by equally good or better results from other animals in which no 


such anesthetic effects were apparent. 

In control experiments an iron-nichrome thermocouple, oriented in the posterior 
electrode carrier of the Horsley-Clarke instrument, was used to measure the temperature 
rise of the tissues around the electrodes during heating. The thermocouple tip was enam- 
eled in an attempt to prevent electrostatic pickup but Huntoon (1937) thinks this re- 
sults in too high a reading. During our calibration of the apparatus with 11 and with 
14.3 volts (r.m.s.) across the electrodes, it was found that 1 mm. laterally from the near- 
est electrode, the rises in brain temperature were 2.1° and 3.7°C. respectively and at 2 mm. 
laterally 0.7° and 1.2°C. Under the same conditions a thermocouple between the electrodes 
and 1 mm. from the nearest was raised 3.7° and 6.3 °C. according to the voltage em- 
nloved These values indicate an increase in temperature of 75 per cent at 14.3 volts 
over that produced at 11 volts. After the current was turned on it took about one minute 
or more for the tissue to reach its highest temperature. At that time the rate of cooling 
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by the blood and conduction by the tissues equalled the rate of heat production. After 
current was turned off the tissue cooled rapidly at first and then more slowly to reach 
normal in about 2.5 to 3.5 minutes. _ 

Since the rectal temperatures of the animals averaged 36.6' , C., an increase of 3.7°C. 
caused by 11 volts would bring the region 1 mm. from the electrode to a temperature of 
about 40. 5°, which is not destructively high. An increase of 6.3° caused by 14.3 volts 
(r.m.s.) would bring the temperature at 1 mm. from the electrode to about 43.0° which 
would account for the damage done to the brain tissue in some of these experiments. 
These calculations are based on the assumption that the temperature of the brain is nor- 
mally about the same as that of the rectum. A study of our data in the light of the obser- 
vation reported by Huntoon (1937) would indicate that our thermocouple readings were 
too high rather than too low. 


Results 

In a large series of experiments extensive exploration of the forebrain 
and midbrain of the cat revealed only a limited region of the brain from 
which responses to heating could be obtained. Local heating of this reactive 
area caused a marked acceleration of respiration, the excursion of which 
became very shallow. At a variable time after the increase in respiration 
began, the mouth was opened and rhythmic movements of the nostrils, 
angles of the mouth, and tongue appeared with each respiratory excursion. 
When at their peak these respiratory alterations constituted a characteristic 
"polypneic panting,” and were frequently, but not invariably, accom- 
panied by the appearance of sweat on the foot pads. The responses were in 
all points similar to those obtained by heating the entire animal. 

The region of the brain from which these reactions were elicited on heat- 
ing is schematically indicated on a paramedian sagittal section through the 
brain of the cat, shown in Fig. 1. The rostral portion of the reactive area is 
seen to be located in the ventrocaudai part of the telencephalon, between 
the anterior commissure dorsally and the optic chiasma ventrally. Its an- 
terior limits extend a little farther forward than the preoptic area and the 
crossing of the anterior commissure. The responsive region is continued back- 
ward through the diencephalon in the dorsal part of the hypothalamus and 
the ventral part of the thalamus and at more caudal levels occupies a pro- 
gressively more dorsal location. At the transition to the midbrain it is located 
in the vicinity of the central grey matter surrounding the anterior end of the 
cerebral aqueduct. 

The rostral portion of the reactive region, which is cross-lined in Fig. 1. 
and which includes the preoptic area and the suprachiasmatic portion of the 
hypothalamus, has yielded better responses than the more caudal portion 
extending backward through the diencephalon. Heating this rostral region 
induced acceleration of respiration to an average rate of 255 excursions per 
minute. Panting appeared spontaneously and was marked and continuous 
throughout the responses. In many instances these pronounced respiratory 
alterations during heating were accompanied by the appearance of sweat on 
the foot pads. 

In several respects the responses to heating the reactive region through 
the diencephalon, enclosed in dotted lines in Fig. 1. were weaker than those 
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just considered. The responses from the diencephalon were less abrupt in 
onset, required a longer time to reach their peak and were quantitatively 
smaller, the average polypnea amounting only to 155 excursions per minute. 
In addition, the panting associated with the responses from the diencephalon 
only persisted for brief periods and usually required the facilitation provided 
by holding the mouth open (Lilienthal and Otenasek, 1937) to appear at all. 



Fig. 1. Schematic outline of the region reactive to heating, projected on a para- 
median sagittal section through the brain of the cat. Abbreviations for all figures are as 
follows: 


AC anterior commissure 
BP basis pedunculi 
C caudate nucleus 

CC corpus callosum 

CG central grey matter 
E entopeduncular nu- 

cleus 
F fornix 

GP globus pallidus 
H habenula 
HP habenulo - peduncu- 
lar tract 


HY hypothalamus 
IC internal capsule 
IN infundibulum 
LV lateral ventricle 
M mammillary body 
MB midbrain 
MFB medial forebrain 
bundle 

MT mammillo-thalamic 
tract 

OC optic chiasma 


OCN oculomotor nerve 
OT optic tract 
OTB olfactory tubercle 
PC posterior commis- 
sure 

S septum 
SC superior colliculus 
SM stria medullaris 
TH thalamus 
3V third ventricle 


The difference in reactivity, in our opinion, indicates a reduced concentra- 
tion of reactive elements in the responsive field through the diencephalon. 

It has been mentioned that the reactive region shown in Fig. 1 is the only 
portion of the brain studied which responds to local heating and tins state- 
ment is based upon the negative results obtained to heating at locations 
distributed through a large portion of the cerebral cortex, the subcortica 
white matter, the ventral telencephalon rostral to the reactive area, the 
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caudate and lentiform nuclei of the corpus striatum, the diencephalon sur- 
rounding the responsive field and the midbrain behind it as far caudad as 
the anterior end of the pons. The absence of response from these negative 
regions was checked by heating at varying positions out to 8 mm. lateral 
from the midline and at varying dorsoventral locations extending from the 
dorsal surface of the cerebral hemispheres to the base of the brain. In such 
exploration the negative results elsewhere were validated by characteristic 
responses obtained from the reactive region shown in Fig. 1 at the beginning 
and end of the experiments. 

With this introduction, a series of representative protocols may be pre- 
sented in which the region between and around two electrodes inserted 2 
mm. to either side of the midline was heated at succeeding dorsoventral loca- 
tions in 6 transverse planes extending in serial order from a level just in front 
of the anterior commissure through the diencephalon to the anterior end of 
the midbrain, i.e., through the area of distribution of tbe reactive field shown 
in Fig. 1. The location of the electrodes and the respiratory responses to 
heating in each of these protocols are illustrated in Figs. 2-7. 

PROTOCOLS 

Protocol 1 ( Cat 1, Fig 2) The first protocol illustrates the responses to heating at a 
level 1 mm rostral to the crossing of the anterior commissure and extending ventrally 
through the anterior tip of the optic chiasma Positions a, b, c, d in Fig 2A show the loca- 
tion of the electrodes during each period of heating and the respective reactions obtained 
are charted in Fig 2B The absence of response to heating at location a, obviously indi- 
cates that this region was negative and such negative locations need not be commented 



Fig 2A Transverse section through the brain of Cat 1 The positions of the two 
electrodes during heating are shown at a, b, c, and d 

Fig 2B Chart showing the respective respiratory responses obtained from heating 
at positions a, b, c and d, Fig 2A The rate of respiration is shown on the ordinate, pant- 
ing is shown by a heavy line Period a represents 5 min , other times are in proportion. 
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upon further. It can be seen that heating at position e Fie 2A at a , , 

sponset'Fi^^Bfn^ ^ ant ® ri ° r COm . missure and the Won ventral to it, induced ‘(re- 
sponse c, Fig 2B) an increase m respiratory rate from 25 to 252 /min. with pantinir (heavv 

Cl !f r ^- A considerably weaker response (b, Fig. 2B) was obtained on heating at 
position b, dorsal to the location of the anterior commissure and wherever in these ex- 
weak react,on was obtained from a location immediately above or below 
that yielding a good response we have been inclined to consider the possibility of spread 
ot heat to the closely adjacent more reactive region. It should be noted that heating at 
position d, where the meninges at the base of the brain were undoubtedly warmed was 
almost negative (d, Fig. 2B), and the responsive region is clearly seen to lie within the 
brain. I ins has been repeatedly verified in many experiments. 

Protocol 2 ( Cat 2, Fig. 3) . The second protocol illustrates the response to heating at the 
level of the crossing of the anterior commissure. The location of the electrodes is shown 
m Fig. 3A, and the responses to heating are charted in Fig. 3B. Heating at location d, for 



Fig. 3A. Transverse section through brain of Cat 2. The positions of the two elec- 
trodes during heating are shown at a, b, c, d and e. 

Fig. 3B. Chart showing the respective respiratory responses obtained from heating 
at positions a, b, c, d and e, Fig. 3A. The rate of respiration is indicated on the ordinate; 
panting is shown by a heavy line. Period a represents 5 min., other times are in propro- 
tion. 


the most part ventral to the anterior commissure, produced (response d. Fig. 3B) an 
increase in respiration from 60 to 192/min. with panting. Heating at location c imme- 
diately dorsal to that just described, yielded a much weaker response (c, Fig. 3B), and 
at location e, immediately ventral to it a slightly weaker reaction with increase of respira- 
tion to 168 /min. and panting (e. Fig. 3B). The best response (d, Fig. 3B) was some- 
what weaker than those usually obtained from this region which may have been due either 
to the brief period of heating or to the asymmetrical position of the electrodes with re- 


ference to the midline (Fig. 3A). 

Protocol 3 ( Cat 3, Fig. 4). The third protocol illustrates a response to heating the su- 
prachiasmatic hypothalamus at a level i mm. caudal to the crossing of the anterior com- 
missure. The position of the electrodes is shown in Fig. 4A and heating produced an m- 
crease in respiratory rate from 36 to 288/min. with panting (Fig. 4B). Unfortunately other 
dorsoventral locations were not heated in this animal but the marked response obtaine 
from this position indicates that it lies at or very close to the responsive center. 

Protocol 4 (Cat 4, Fig. 5). The fourth protocol illustrates the responses obtained at a 
level through the anterior thalamic nuclei above and through the infundibulum below. 
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Fig 4A Transverse section through the brain of Cat 3 The position of the two elec- 
trodes during heating is shown at a 

Fig 4B Chart showing the respiratory response obtained from heating at position 
a, Fig 4 A The rate of respiration is indicated on the ordinate, panting is shown by a 
heavy line Period a represents mm 



Fig 5 A Transverse section through the brain of Cat 4 The positions of the two 
electrodes during heating are shown at a, b, c, d and c 

Fig 5B. Chart showing the respective respiratory responses obtained from heating 
at positions a, b, c, d and e, Fig 5A The rate of respiration is indicated on the ordinate 
Period a represents 3 min , other times are in proportion 
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Fig. 6A. Transverse section through brain of Cat 5. The positions of the two elec- 
trodes during heating are shown at a, b, c, d and e. 

Fig. 6B. Chart showing the respective respiratory responses obtained from heating 
at positions a, b, c, d and e. Fig. 6A. The rate of respiration is indicated on the ordinate; 
panting is shown by a heavy line. Period a represents 3 min.; other times are in proportion. 



Fig. 7A. Transverse section through the brain of Cat. 6. The position of the elec- 
trodes during heating is shown at a, b, c, d, and e. . 

Fig 7B Chart showing the respective respiratory responses obtained from heating 
at positions' a, b, c, d and e, Fig. 7A. The rate of respiration is indicated on the ordinate; 
panting is shown by a heavy line. Period a represents 5 min.; other times are in propor- 
tion. 
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Heating at location d produced an increase in respiratory rate from 48 to 164 /min’ with- 
out panting (d, Fig 5B) Heating at location e produced an increase in the rate of respira- 
tion from 40 to 144 /mm (e, Fig 5B) and though there was no spontaneous panting the 
animal panted for a bnef period when the mouth was held open 

Protocol 5 ( Cat 5, Fig 6). The fifth protocol illustrates the reactions to heating at a 
level through the nucleus medialis dorsalis of the thalamus above and through the mam- 
millary bodies below Heating at location c produced an increase in respiratory rate from 
44 to 96 /mm with panting (c, Fig 6B). Heating at location d produced an increase m 
the rate of respiration from 44 to 138 /mm with panting (d, Fig 6B) Heating at loca- 
tion e produced a slight increase m respiration from 44 to 64 /min 

Protocol 6 ( Cat 6, Fig 7) The sixth protocol illustrates the responses to heating at a 
level through the caudal tip of the habenulae and the rostral fibers of the posterior com- 
missure above, and through the rostral portion of the midbrain \ mm behind the mam- 
millary bodies, below The best response was obtained from location c where heating 
produced an increase in respiratory rate from 48 to 192/mm with a short period of slight 
spontaneous panting (c. Fig 7B) Stronger heating at location b immediately dorsal to 
that just considered gave a slightly weaker response, the respiratory rate increasing to 
168 /min (b, Fig 7B) The responses to heating this transition region from diencephalon 
to midbrain were somewhat more marked than those elicited from more rostral regions 
of the diencephalon in other animals This may be accounted for either on the basis of 
the variation present in different experiments or by the supposition of a concentration of 
reactive elements in the transition region from diencephalon to mid-brain comparable 
to that more evidently present in the ventral part of the telencephalon. 

The results which have just been described have been presented first to 
provide an initial survey of the nature of the reactions and the location of 
the responsive region to heating the brain. Additional information on several 
points may now be presented. 

Lateral limits of responsive area. The responses obtained to heating be- 
tween and around electrodes situated 2 mm. to either side of the midline in 
the experiments just described and many others imply a medial location of 
the reactive region and this is supported by the results from an experiment 
in which two electrodes were inserted almost in the midline, one in the pre- 
optic region and the other behind it in the anterior hypothalamus. Heating 
the midhne region between the electrodes induced an increase in respiratory 
rate from 48 to 240/min. with panting, i e., a marked response. 

A large amount of negative data was accumulated to heating between 
electrodes situated 4 and 8 mm. lateral to the midline, and it is safe to con- 
clude that the responsive elements are concentrated within 4 mm. of either 
side of the midsagittal plane. There are many indications that the lateral 
limits of this concentration may be still more medially placed. The schematic 
outline of the reactive field shown in Fig. 1 is projected on a sagittal plane 
1 mm. lateral to the midline, but only to indicate in a general way its medial 
location. 

Time relations of responses In a large number of marked reactions from 
the ventral telencephalon, the acceleration of respiratory rate began between 
i and Ij min. after the onset of heating. Since 1 min. or more was required 
after the onset of heating for the tissues to reach their highest temperature 
(see Methods), the actual latent period of the reaction was probably very 
brief. Once begun the increase in respiratory rate was fairly abrupt and the 
peak rate was reached between 1 and 4 min., usually between 2 and 3 min. 
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after the onset of heating. Panting began 1 to 2f min. after the onset of heat- 
mg, at respiratory rates ranging between 80 and 210/min. When sweating 
was present it was usually observed between If and 2 min. after the onset 
of heating. 

When heating was discontinued the respiratory rate fell at first abruptly 
and then more slowly until the original basal rate or one slightly higher was 
reached after If to 6 min., usually after 2 to 4 min. Panting stopped between 
f and 2 min. after the cessation of heating at respiratory rates ranging from 
120 to 150/min. The time required for deceleration of respiration and cessa- 
tion of panting after heating was discontinued, corresponded closely to that 
required for the tissues to cool (see Methods). 

Repetition of heating. In each of several animals the rostral portion of 
the reactive region was repeatedly heated between two pairs of electrodes 
with results confirmatory of those already presented. The results from one 
experiment (Cat 7) are illustrated in Pig. 8. One pair of electrodes was in- 
serted in a plane through the crossing of the anterior commissure and an- 
other pair in a plane through the infundibulum (Pig. 8A). The preoptic re- 
gion and anterior hypothalamus enclosed between the electrodes was re- 
peatedly heated with the results shown in Fig. 8B. 



Fig 8 A. Two transverse sections through the brain of Cat. 7. The position of the 
the rostral pair of electrodes during heating is shown m the upper section, that of the 

caudal pair is shown in the lower section. v, M tinc of 

Fig SB. Chart showing the respiratory responses obtained to repeated heat ng 
the region between the electrodes shown in Fig. 8A. The rate of resp.rat.on is ind.c^ed 
on the Ordinate; panting is shown by a heavy line. Period 1 represents U min.; other times 

are in proportion. 
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Initial heating for li min. induced an increase in respiratory rate from 
44 to 198 /min. with panting (response 1, Fig. 8B). After a 15 min. interval 
a second period of heating for 1 J min. induced an increase in the rate of re- 
spiration from 48 to 216/min. with panting and the appearance of sweat on 
the footpads (response 2, Fig. 8B). Following another 15 min. interval, a 
third period of heating for 3 min. induced an increase in respiratory rate from 
36 to 264/min. with panting and the appearance of sweat on the footpads 
(response 3, Fig. 8B). Following a 20 min. interval, a fourth period of heat- 
ing for 2 min. induced an increase in the rate of respiration from 48 to 240 
/min. with panting (response 4, Fig. 8B). Information on repetition of re- 
sponses was usually gained in experiments in which the region of the brain 
between two pairs of electrodes was heated because such experiments were 
not appropriate for the study of detailed localization. The responses to heat- 
ing the region of the brain between a single pair of electrodes could be re- 
peated just as satisfactorily, however. 

Distinction between effects of faradic stimulation and heating. In the in- 
tervals between heating in the experiment just described and in several 
others, the effect of faradic stimulation of the region of the brain between 
the electrodes was observed. This regularly led to sympathetic discharge, 
due to excitation of hypothalamus, causing maximal dilatation of the pupils, 
maximal retraction of the nictitating membranes, erection of the hair on 
the back and sometimes occasioned struggling. Respiration was accelerated, 
sometimes after an initial apnea, respiratory excursions were deep and la- 
bored and occasionally were associated with facio-vocal activity as in other 
experiments (Rabat, 1936; Magoun, Atlas, Ingersoll and Ranson, 1937). In 
one instance faradic stimulation produced panting and we have occasionally 
observed panting in response to faradic stimulation of the anterior hypotha- 
lamus in other experiments. 

In contrast to this indiscriminate action of faradic stimulation which 
excited everything within range, the effect of heating was specific and pre- 
cise, leading only to the excitation of heat loss mechanisms. During the 
responses to heating, the pupils and nictitating membranes remained un- 
changed and there was no erection of hair or struggling. 

Body temperature. The rectal temperature at which a group of 25 marked 
responses to heating the ventral telencephalon were obtained in these ex- 
periments ranged from 35.0 to 38.4°C. The larger number (19) of these re- 
sponses was elicited at rectal temperatures between 35.5 and 37.5°C., which 
are subnormal and demonstrate that an elevated body temperature is not 
essential for the initiation of heat loss activity when the appropriate region 
of the brain is adequately heated. 

Heat loss activities were not maintained for a long enough time in any 
of these experiments to produce a clearcut depression in body temperature 
beyond the gradual fall which took place in each instance as a result of the 
anesthesia. 
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Effect on the brain. A histological study was made of the brains of most of 
the animals used m this investigation and permitted the determination of 
any damage done to the brain by heating. A voltage of 11 was employed in 
heating the responsive region in the ventral telencephalon in a total of 9 
instances with no damage to the brain. In heating this region, 14.3 volts 
were employed in 11 instances without damage or with only very slight 
damage in the immediate vicinity of the electrodes. In 9 other instances 
heating the ventral telencephalon with 14.3 volts resulted in moderate to 
marked damage of the brain around and between the electrodes. 

A voltage of 11 was employed in heating the responsive region in the 
diencephalon in one instance with no damage to the brain. In heating this 
region 14.3 volts were used in three instances with slight damage to the brain 
in the immediate vicinity of the electrodes. In five instances heating the dien- 
cephalon with 14.3 volts caused moderate to marked damage of the brain 
around and between the electrodes. In both the telencephalon and dien- 
cephalon the usual responses were obtained in the instances when the brain 
was damaged and presumably were elicited from the adjacent reactive region 
outside the area of damage. 

In a number of preliminary experiments in this series excessive heating 
(28.6 volts) of the area rostral or dorsal to the reactive region shown in Fig. 

1 produced the usual responses. These responses could not have been ob- 
tained from the area in the vicinity of the electrodes, however, for in such 
instances this area was widely destroyed by the excessive heat employed. 
In our opinion, such reactions were obtained from spread of heat to the re- 
sponsive region shown in Fig. 1. In all instances when damage occurred the 
responses subsided just as rapidly following cessation of heating as when no 
damage was present. The experiments in which the brain was damaged pro- 
vide little evidence for localization and throughout this presentation the 
emphasis has been placed on those results which were obtained with a mini- 
mum amount of heating and with little or no injury to the brain. 

Discussion 

It may be noted that the region in the ventral telencephalon responsive 
to heating, overlaps to some extent the ventral and caudal distribution of 
what is probably a descending cortical pathway for respiratory inhibition, 
yielding a decrease in respiratory rate and amplitude when activated by 
localized faradic stimulation (Rabat, 1936). The appearance of polypneic 
panting in acutely decorticate animals has recently been attributed by 
Lilienthal and Otenasek (1937) to release from cortical inhibition through 
destruction of such a pathway. Lest the same explanation suggest itself for 
the responses to local heating of the reactive region delimited in these ex- 
periments, it may be emphasized that these responses to heating were not 
dependent upon such destruction, for the larger number of reactions were 
obtained without appreciable injury to the brain. Furthermore, had these 
responses been dependent upon destruction, they should have continued 
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indefinitely instead of disappearing as they did with the cessation of heating. 
Repetition of the responses should have been impossible, yet they could be 
repeated apparently indefinitely. 

To us the obvious interpretation of these results is that in these experi- 
ments we have been setting into play by artificial heating the same mecha- 
nisms in the same regions of the brain which are activated in the normal animal 
when the temperature of the blood rises above normal. Such an interpretation 
provides a logical explanation of the results obtained in a study of the effect 
of lesions in this region which, as has been shown by Teague and Ranson 
(1936) and by Clark, Magoun and Ranson (in preparation), abolish the ani- 
mal’s ability to regulate effectively against high environmental temperatures. 
Further consideration of the results of these experiments from the point of 
view of the central regulation of body temperature will be presented else- 
where (Clark, Magoun and Ranson, in preparation). 

The results of these experiments should not be taken to indicate that the 
region responsive to heating contains the final efferent collection of supranu- 
clear neurons for coordinated polypneic panting, for this may still be ob- 
tained after the area here delimited has been largely (Lilienthal and Otena- 
sek, 1937) or entirely (Keller, 1933) destroyed. The responsive area to 
heating found in these experiments may contain afferent-like elements ca- 
pable of exciting efferent groups of neurons situated at more caudal levels. 

Summary 

Local heating of the brain of the cat with low voltage, high frequency cur- 
rent passing between electrodes oriented with the Horsley-Clarke apparatus 
has demonstrated a reactive region which responds to heating by marked 
acceleration of respiratory rate, panting and in some instances by the appear- 
ance of sweat on the foot pads. 

The reactive elements appear to be concentrated in the medial portion of 
the caudal part of the ventral telencephalon and, in lesser concentration, are 
continued backward through the diencephalon as far as the anterior end of 
the midbrain. In the telencephalon the responsive region occupies a position 
between the anterior commissure and the base of the brain. Through the 
diencephalon it is located in the dorsal part of the hypothalamus and the 
ventral part of the thalamus, and occupies a progressively more dorsal posi- 
tion at more caudal levels. At the anterior end of the midbrain it is located 
in the vicinity of the central gray matter surrounding the transition from third 
ventricle to cerebral aqueduct. 

The results are interpreted as indicating that the reactive region contains 
structures which are activated by the rising temperature of the blood and 
lead to heat loss activity in the normal animal when overheated. 
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The Horsley-Clark instrument has been used in this laboratory for the study 
of local electrical (Gerard, Marshall and Saul, 1936) and metabolic (Brookens, 
Ectors and Gerard, 1936) activity in known anatomical structures in the 
brain. It seemed probable that temperature could be successfully studied with 
the same apparatus carrying a thermojunction, and information thus be ob- 
tained on the energy liberation of active nerve cells, the vasomotor concomi- 
tants of activity, or both. 

Heat production of the isolated frog spinal cord, under direct or reflex 
activation, has been studied by several workers, and the most complete evi- 
dence (Holzlohner and Trumit, 1937) indicates a reasonable parallelism to 
peripheral nerve. A total heat up to 10 -3 cal./ gm. is liberated during 5 to 12 
minutes (18°C.) following one second of stimulation with 80 induction shocks 
per second applied at the end of the cord away from the thermopile. Of this, 
about 3 per cent is initial heat, and the remainder recovery heat plus any due 
to repetitive discharges. This active heat production is about twice the rest- 
ing heat rate, 5 X10 -1 cal. /gm. /sec., as estimated from respiration data (Rosen- 
berg, 1935; Batz, 1923). For the frog sciatic, equivalent values are 8 Xl0~ 6 
cal. initial heat, 5 XlO~ s cal. total — duration 30 minutes, at 20 ,> C. — per second 
of stimulation at maximal activity (see Feng, 1936). Per single impulse, the 
initial heat is 7xl0 _s cal. gm., total 2 XlO"'. In the non-medullated leg nerve 
of the spider crab at maximal stimulation, initial heat per gm./sec. is about 
10 times that of frog nerve under similar conditions, and total heat is 18 or 
more times as great. In terms of maximal evoked activity, then, the total 
heat produced by the frog spinal cord is well over 20 times that of the sciatic 
nerve. If comparisons are made at lower frequencies of stimulation (e.g., 8/sec. ) 
the ratio is much higher, up to 100 times — possibly because of repetitive dis- 
charges by the central units. 

Two other factors must, however, be considered, both of which would 
tend to multiply the true difference between cells and fibers. 1. In nerve, a 
maximal stimulus activates all the units; while stimulation of the lumbar 
cord — presumably of ascending motor paths — engages only a fraction of the 
neurons and may inhibit the activity of many. 2. In nerve, the neural ele- 
ments compose one to two-thirds of the total mass; in brain, possibly as little 
as 1 per cent. The energy per unit of mass per single activation may, there- 
fore, be several hundred times as great in a nerve cell as in its axon. 

On turning to the mammalian brain in situ, a further temperature dif- 
ference appears, as well as the complication of a circulation. No work to date 
measures the true heat production of activity, and even the increased oxygen 

* A preliminary report of this work appeared in the Amer. J. Physiol,, 1936, 115 : 59. 
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consumption of active brain is highly uncertain. Resting respiration rates 
rather more dependable-some 5000 cmm./gm./hr. for cat cortex at the i uo . 
ment of removal (Brookens, Ectors, and Gerard, 1936 and unpublished; 
Schmidt, 1928), against 180 for dog nerve, also at 37°C.— , and if the increase 
on activity is proportional, brain heat is about 30 times that of nerve per 
equal gross mass; or 1.5X10-= to 4.5X10-= cal./gm./sec. (depending on 
whether a 100 or 300 per cent increase is assumed for activity). One might 
anticipate, then, a heat production of the order of 6X10~ E cal. per impulse in 
an active portion of the brain; and if the rather arbitrary figure of 50 dis- 
charges per second be assumed for activity evoked by sensory stimulation 
(at least electrical discharges well over this frequency do occur) brain tem- 
perature would ultimately rise at the rate of 0.003°C./sec., aside from heat 
loss. This same value for maximal active heat production is obtained by 
doubling the resting level; a relation seen to hold also for frog cord and, ex- 
cept under special conditions, for frog nerve. 

Heat loss, however, is continuous; partly by conduction and radiation 
through the skull or from the exposed brain surface, mainly through the blood 
stream. The actual temperature change in a region of the brain, associated 
with its activity, will be a balance between the extra heat produced — depend- 
ing on degree of excitation, concentration of active cells, absolute heat pro- 
duction, duration of total heat, etc., — and the extra heat lost — depending on 
blood-brain temperature difference, richness of vascular bed, volume of blood 
passing, etc. Blood flow is, of course, the important variable; and a vasodila- 
tation accompanying activity might well overshadow an increased heat pro- 
duction so that brain temperature is actually lowered. 

To some extent it has been possible to disentangle these several factors, 
as will be discussed, but fortunately the cause of thermal changes is irrelevant 
to one important aspect of our study — evidence of local alterations in indi- 
vidual sensory systems when these are stimulated via appropriate receptors. 

Renewed extensive studies of the control of brain circulation (see Wolff, 
1936, for recent summary) have utilized, among others, thermal methods for 
measuring flow. In Gibbs’ (1933) arrangement, the thermojunctions are con- 
tinually warmed above blood temperature and an increased blood flow has 
a consequent cooling effect; in Schmidt and Pierson’s (1934) the junctions 
are cooled and increased flow warms them. Steep temperature gradients are 
maintained, with several degrees difference between needle and blood, so that 
any true neural heat production would not be seen. In the recent work of 
Feitelberg and Lampl (1935), however, using one thermojunction in the 
brain and the other in the carotid artery, the small temperature difference 
may well include true neuron heat; and in many respects our results are m 
agreement with theirs. 

Methods 

A thermoneedle, 20 gauge hypodermic needle with a single junction of 38 gauge con 
ctantin and enamelled copper wires insulated with bakelite varnish, was arranged to fit 
cm a brass rod clamped in the carriage of the Horsley-Clark instrument. The ™ n 
separate rubber tubing, ran 75 cm. to the constant temperature junction, embedded m 
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a brass block and kept in an ice and water mixture For certain experiments the second 
junction, also in a needle, was inserted in a blood vessel or the abdomen The entire 
circuit, including a potential divider, senes and shunt resistances, and a Moll Zdgalvanom- 
eter, was of copper with fixed connections A vanable and reversible balancing potential 
was thrown into the fixed divider in the usual manner 

The resistance of the thermal elements, 43 ohms, was about that of the galvanometer, 
30 ohms The sensitivity, by calculation and by direct calibration, was 1 mm deflection 
(scale at 1 25 m ) =0 00075°C (in some expenments 1 mm =0 001 °C ) With additional 
senes and shunt resistances in, a less sensitive combination, 1 mm =0 003°C , was used 
for preliminary onentation or to follow larger temperature changes Movements of the 
galvanometer spot were followed manually with a rack and pinion stylus activating a 
wnting point on a kymograph, and continuous records obtained 

Experiments were performed on 35 cats and 3 dogs under nembutal (35 mgms /kilo , 
mtrapentoneally) or basal nembutal (25 mgm /kilo ) supplemented with ether The Hor- 
ley-Clark instrument was attached as usual and set at the desired A-P and R-L coordi- 
nates A small skin incision was made at the indicated position and the skull drilled (1 
mm hole) to admit the needle Before or after placing the thermojunction, a concentric 
electrode was usually inserted to the same depth and action potentials in response to 
optic or somaesthetic stimulation observed, thus insuring that temperature observations 
were made in the desired sensory pathway A light shining into the eyes for 5 to 2 min- 
utes, squeezing and manipulating the toes of the contralateral forepaw over similar pe- 
riods, and ammonia vapor blown into the nostrils constituted the stimuli used 


Results 

Anaesthetic effect. Brain temperature falls rapidly under the influence of an 
anaesthetic or narcotic drug. The amount of fall can be estimated only from 
animals with indwelling thermocouples, since in acute experiments a change 
has already occurred when observations begin. Even so, after intraperitoneal 
nembutal and the 30 to 40 minutes required to place the instrument, the brain 
cools a further 1.2 to 1.5° during another 2 to 4 hours. In the chronic animal 
the total fall for a similar dose is 2 5-3°C. The rate of cooling tapers off pro- 
gressively until a temperature plateau is reached. This is then maintained for 
15 to 30 minutes and passes over into a rise. Another nembutal injection 
promptly reestablishes the falling base line, which again, finally, turns up- 
wards. Metrazol, a stimulant, conversely, sends the temperature up. Ether 
inhalation during the rising base line initiates a prompt but brief rise in brain 
temperature, some 0.05°C. within a minute or two, and then an even more 
precipitate fall to still lower values. By controlling ether administration after 
the nembutal fall has turned into a rise it is possible to hold the brain tem- 
perature fairly steady for hours — and most other observations were made 
against such a base line (Fig. 1). It is important to keep in mind that all 
vasomotor and other responses are obtained from a narcotized, and therefore 
depressed, brain. 

The thermal changes in the brain are not a passive consequence of cool- 
ing of the entire body — due to muscular relaxation, cutaneous dilatation, and 
the like — for entirely similar changes in the brain are recorded when the 
"neutral” junction is placed in the abdomen or the aorta instead of in the 
usual constant temperature mixture. These drugs, therefore, depress brain 
temperature relative to that of the blood: indeed the temperature difference 
between them, in favor of the brain, may actually reverse under sufficient 
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narcosis. This probably accounts for the immediate wanning produced bv 
1 Brain f 3P VasodiJ Ration temporarily masks the diminished brain heal 
he^ ri ? T diminishes under depressant drugs because its intrinsic 
eat production is lowered. Studies of oxygen utilization from circulating 

J°twr dl !f te -< t a 1 a i thlS J IS decreased to one-third (Hou, 1926) or even one- 
tenth (Gayda, 1914) under anaesthesia. Changes in blood flow and tempera- 
ture are of course additional factors (see below), but we are satisfied that 
the metabolic level of brain cells is most directly concerned. There is a close 
parallel, for example, between the temperature curve and depth of anaes- 
thesia. As the brain begins to warm up the animal becomes more responsive 
to stimuli, may move spontaneously, and starts to "come out” of anaesthesia. 
Conversely, considerable sensory stimulation may initiate or accelerate the 
temperature rise. 



Fig. 1. 

Aside from any interpretation, the brain temperature curve seems to offer 
an extremely sensitive and accurate index of the course of anaesthesia. It 
promises to measure the intensity, time-course, and locus of anaesthetic ac- 
tion, and experiments along these lines are in progress. 

Temperature gradients in the brain. The only way in which it is physically 
possible for the brain to remain cooler than the blood is for heat loss from the 
head, by other routes than the blood stream, to exceed its local production. 
Over short time intervals, before equilibrium is established, warming the 
blood or cooling the brain will of course invert the usual relation; but at 
equilibrium, unless some other route of heat dissipation exists, this cannot 
remain the case. So long as any heat is developed in an organ, the blood must 
warm up in passing through it, for even when metabolism is fully in abeyance 
the tissue temperature will still be passively held at that of the blood circulat- 
ing it — unless another route of heat loss exists. For the limbs, surface con- 
duction and radiation constitute an impressive means of heat loss— the ve- 
nous blood from a leg may be 0.1°C. cooler than the arterial, and be warmed 
0.1° by placing a 60 watt lamp above the leg— and a similar situation, though 
less pronounced, might be anticipated for the head. 

Actually a very definite temperature gradient exists within the brain, cen- 
tral regions being warmer than more surface ones by as much as 1.4 C. As a 
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thermoneedle is pushed from one parietal region to the other, temperature 
regularly rises and then falls. A similar rise occurs on penetrating from the 
vertex, sometimes ending with slight fall at the base (Fig. 2). The regularity 
of the change precludes its dependence on any particular structural pattern; 
and its symmetry about the midline eliminates any artificial cooling due to 
the small skull opening for introducing the needle. (A false gradient due to 
conduction of heat outwards along the shank of the hypodermic needle is 
excluded by this reversal of the gradient on crossing the midline; but as an 
extra check the needle sheath was withdrawn after placing the fine wire 
thermocouple and the same temperature gradient still appeared as this was 
later removed.) 



Fig 2 A Temperature curve in horizontal plane from left parietal cortex to right 
B Same in vertical plane from cortex to basal skull Abscissa — Horsley-Clark instru- 
ment setting 


Clearly, then, the brain is continually cooled by heat loss through the 
skull and scalp; and possibly human hair has more than an aesthetic value, 
in helping to maintain brain temperature. That heat easily penetrates this 
vascular barrier, is shown by the considerable cooling of the brain that results 
from applying an ice bag to the head. 

Brain-blood temperature differences. In unanaesthetized animals, Feitel- 
berg and Lampl (1935) found the motor cortex asmuch as 0.4°C. warmer than 
the carotid blood. Under paraldehyde, the brain temperature fell to 0.3°C. 
below that of the blood stream. We have never observed such great tempera- 
ture differences, but also find the brain to be warmer or cooler than the 
carotid blood, depending on anaesthetic level and degree of operative expo- 
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SUre ;-?£fr e iS J~ e f ° r ] ° ngitudinal sinus Wood compared to that in the 
carotid. Extreme differences were, carotid 0.037 Q C. warmer to 0.004°C cooler 
than sinus; brain 0.034°C. warmer to 0.00VC. cooler than carotid. When 
arterial blood and brain are at the same temperature, any rapid temperature 
change recorded from the brain cannot be due to vasomotor changes 

When the blood is warmer, a vasodilatation would cause a rise in brain 
temperature; when cooler, a fall. The former situation is deliberately induced 
by Schmidt and Pierson’s (1934) cooled needle technique, the latter by Gibbs’ 
(1935) heated needle one. By comparing the brain temperature change in- 
duced by a given stimulus under these various thermal relations it is possible 
to discriminate between the effect of vasodilatation and that of increased 
neural heat production. A control in point is the warming up of leg muscles, 
initially above arterial blood temperature, on stimulating the sciatic nerve. 



Fig. 3 A. Carotid occluded during signal. B. Same, but needle heated. 


Other controls. At first the fine copper and constantin wires of the thermo- 
couple were soldered to larger wires of the same metals where they emerged 
from the needle shank. It was found that temperature changes here set up 
potentials, presumably due to slight differences in composition, and later the 
fine constantin wire was continued to the cold junction and the fine copper 
ones to fixed copper connections in the permanent circuit which were well 
shielded from sudden temperature change. 

The eyes were illuminated by a flash light or a 60 watt bulb. In the latter 
case a slow warming of the brain occurs over minutes; in the former, no 
direct heating action could be detected. In all the positive optic experiments 
such extraneous warming was excluded by controls with the eyes covered or 
with the thermojunction in non-optic regions. 

The paw stimulation, when very vigorous, was found to cause a general 
blood pressure rise of 5 to 10 mm. Hg. as a maximum. The rise appeared 
promptly at the start and vanished as promptly at the close of the period of 
actual stimulation. No pressure change accompanied optic stimulation. A 
change in brain blood flow secondary to non-specific systemic effects is thus 
excluded as a cause of the localized thermal changes elicited by these stimuli. 

- Carbon dioxide excess and oxygen deficiency lead to vasodilatation in the 



THERMAL CHANGES IN THE CAT’S BRAIN 


121 


brain. During CO; inhalation and following a period of carotid occlusion, 
brain temperature rose (fell during occlusion). With the needle heated some 
2°C., the same procedures caused a temperature fall (rise during occlusion). 
(Fig. 3) Clearly arterial blood was warmer than the brain in the first test, 
cooler than the heated brain and needle in the second, and the thermal changes 
were due to vasodilatation. 


Specific Responses 

Optic. With the thermocouple in optic pathways — lateral geniculate, radia- 
tions, or visual cortex — shining light in the eyes leads to a rise in tempera- 
ture; other brain regions are negative. The rise is variable in duration, magni- 
tude and form, depending on partially unknown variables; but in a sequence 
of tests made under essentially constant conditions there is good reproduci- 
bility. Fig. 4 shows the average of 35 positive experiments. The temperature 
rise begins 30-60 sec. after a 60 sec. period of illumination, reaches a maxi- 
mum of 0.015°C. in 120 sec. and is over in 300-360 sec. Sometimes a second- 
ary hump appears on the descending limb. In three experiments, light evoked 
a similar appearing temperature fall; and in 2 others a fall during stimula- 
tion preceded a rise following. These cases of heat loss must be due to vasodila- 
tation and greater flow of blood that is cooler than the brain. The rise of tem- 
perature, however, cannot be similarly accounted for by increased flow of 
warmer blood, for in no case was a rise converted into a fall by heating the 
needle tip. The rise is, therefore, a consequence of increased heat production 
by the active neurons, though unquestionably modified by an increased 
blood flow when the brain is not at blood temperature. 



Fig. 4. Average curve from lateral geniculate body (A8, 

L8, +3.5) on illuminating eyes. 

Somaesthetic . Stroking, pinching, and kneading the paw of the contra- 
lateral (mainly) fore leg causes a temperature rise in cutaneous radiations 
and cortex. The localization has been much less rigid than in the optic experi- 
ments, however, and occasionally quite generalized responses were obtained. 
Some characteristic records are reproduced in Fig. 5. While similar to the 
optic curves, these show a shorter latent period and more frequently begin 
with a negative dip. Further, it has proved possible to invert a heat curve 
resulting from paw stimulation by heating the needle tip. We conclude that 
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the major effect in this case is vasodilatation, though some increase in heat 

f r0d ^ Ct J° n 1S " 0t excI “ded. Since most records of this series were made from 
tracts, nerve fibers with low metabolic intensity, and most optic ones from 
nuclei cells and then- connections with an intense metabolism, the differences 
are understandable. 



Fig. 5 A. Single responses to optic and to somaesthetic stimulation. B. Same, but needle 
heated. Note that only the somaesthetic response is inverted. 

Olfactory. Blowing ammonia gas into the nostrils leads to a temperature 
rise in Ammon’s horn. The maximum, 0.01°C., is reached in about 100 seconds 
and the return to the basal level lasts another 150 seconds. With the needle 
heated, there is an initial cooling and a later warming. No responses were 
obtained in non-olfactory regions. The results indicate a combination of 
vasodilatation and increased neural heat production. 

Discussion 

A local control of brain blood vessels, by chemicals produced or con- 
sumed by cells in their immediate vicinity, has long been postulated (e.g., 
Roy and Sherrington, 1890); and direct evidence of an increased blood supply 
to an active brain region has been accumulating (Alexander and Revecz, 
1912; Cobb and Talbott, 1927; Schmidt and Pierson, 1934. See the reviews 
by Wolff, 1936, and Gerard, 1938, for additional literature). The present find- 
ings further substantiate this view, as do the more detailed localization experi- 
ments of Santha and Cipriani (1938), performed since these were completed. 
Presumably CO«, always produced by normal brain cell activity and a power- 
ful dilatant, is the main agent for linking the increased food and oxygen 
supply with the increased metabolic need for them. 

An evaluation of the active brain metabolism, itself, in terms of the tem- 
perature rise on receptor stimulation, is more difficult. The total duration of 
the increased temperature, 6 minutes, is reasonable for the delayed heat pro- 
duction of brain; but the tardy and slow appearance of the rise is contrary to 
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expectation. Possibly the cooling effect of an increased blood flow, which sets 
in promptly, is responsible for the slow rise; indeed the occasional presence of 
an initial temperature fall requires such an interpretation. Quantitatively, as 
discussed, brain temperature should rise some 0.003°C. per second of con- 
tinued maximal activity, providing that no heat loss occurs and that the total 
heat produced over several minutes is summed. One minute’s stimulation 
would produce almost 0.2°, the temperature rising progressively until the de- 
layed heat is all developed. Actually, of course, heat is being steadily carried 
away and the initial temperature rise is delayed while the maximum is reached 
early and not maintained. The actual rise observed, 0.015°C., is perhaps a rea- 
sonable resultant between extra heat production and continued heat loss. 

Summary 

A thermocouple placed by means of a Horsley-Clark instrument in de- 
termined structures of the cat’s brain is used to record absolute temperatures 
and changes under anaesthesia or stimulation. 

The brain loses heat through the cranial structures so that normally there 
is a temperature gradient from surface to interior, the cortex being 1.4° 
cooler than basal regions. 

Because of this heat loss, the brain may be cooler than the blood reaching 
it, though normally it is warmer. 

Anaesthetics (nembutal, ether) lower brain temperature (relative to that 
of the blood) and the temperature curve can be used to follow anaesthetic 
action 

Optic stimulation causes a temperature rise only in the visual system of 
the brain; somaesthetic stimulation a rise, less sharply localized, in the 
cutaneous system; and olfactory stimuli in the olfactory one. 

The temperature changes are due in part to extra heat produced by the 
active neurons, in part to local vasodilatation induced by metabolic products 
of these active neurons. 
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ON AN IPSILATERAL MOTOR EFFECT FROM CORTICAL 
STIMULATION IN THE MACAQUE MONKEY* 
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(Received for publication December 30, 1937) 

During stimulation of the motor and premotor cortex of the rhesus monkey 
(Macaca mulatto), under light ether or Dial anesthesia, with current pulses of 
low frequencies (from 2 to 4 per second) and of adequate shape and duration 
(Wyss and Obrador, 1937, Wyss, 1937) a typical ipsilateral response has been 
observed in the forelimb The region of the cortex from which to obtain these 
effects lies on the border between areas 4 and 6 around the superior precentral 
sulcus The ipsilateral response appears as a slow tome movement including 
flexion of all fingers and flexion in the elbow and shoulder joint, and repre- 
sents a movement of a smooth and even character even when elicited with a 
rate of stimulation as low as 2 per second No intermittent contractions 
synchronous with the current pulses could be observed, as is the case in an 
ordinary response from the contralateral motor or premotor cortex 

This ipsilateral response in the arm was always accompanied by a contra 
lateral complex movement either in the leg or in the arm depending on whether 
the (bipolar) electrodes were placed above or below the superior precentral 
sulcus Especially m the latter instances the contrast in. the type of contrac- 
tion between the two sides was most striking, both effects starting after about 
the same latent period Whereas at these low frequencies the contralateral 
response was a dome progressive movement (described in a preceding paper 
as "premotor effect”), the ipsilateral one appeared to be a pure tome contrac- 
tion No difference m the time excitability could be found between these two 
types of cortical response, the optimum current duration (rising phase for 
double condenser discharges) being for both from 10 to 20 milliseconds 

An analogous response m the ipsilateral leg was observed only once but 
was much less characteristic 

Ipsilateral effects from stimulation of the cortical motor and premotor 
areas of the macaque have been reported by several authors (for references see 
Bucy and Fulton, 1933) Recently a thorough analysis of the ipsilateral repre- 
sentation m the motor and premotor cortex of the monkey has been made 
by Bucy (1933) and Bucy and Fulton (1933) On stimulating near the superior 
precentral sulcus they usually obtained extension in the ipsilateral lower ex- 
tremity although occasionally ipsilateral flexion occurred in the upper ex- 
tremity They also demonstrated, by the persistence of these ipsilateral re- 
sponses after contralateral hemisection of the spinal cord as well as after 
removal of areas 4 and 6 of the opposite hemisphere, that these ipsilateral 

* This work was aided by a grant from the Fluid Research Funds, Yale University 
School of Medicine 

t Fellow of the Rockefeller Foundation 1936 from Zurich, Switzerland 
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responses are independent of the contralateral responses and that their pro- 
jection system most probably occupies the ipsilateral half of the nervous 
system. 

The ipsilateral response described in this report seems to be identical with 
the ipsilateral flexion in the upper extremity obtained only occasionally in the 
wort of Buoy and Fulton (1933). With an appropriate type of stimulating 
current it has been possible to demonstrate that the described ipsilateral re- 
sponse is quite different in character from an ordinary contralateral effect. 
It seems unlikely that such a tonic mechanism should serve as basis for a bi- 
lateral representation of volitional power in one-half of the cerebral cortex. 
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Since the refractory period is defined in terms of absolute or relative in- 
ability of stimuli to effect a response, it is evident that in theory, at least, it 
may also be defined in terms of the kinetics of the excitatory process as they 
are described, for example, by the strength duration curve. 

According to most hypotheses of excitation, the excitatory states, p, pro- 
duced in resting tissue by stimuli of equal durations but of varying strengths, 
V, vary as V, i.e., 

p = V X constant. (1) 

In the writer’s most recent analysis (Blair, 1936), for example, 

KV AV 

p = __ (1 - e-“) + (1 - e-0 (2) 

k a 

for rectangular stimuli, the A’s and K’s, large and small, being constants. 
When t is constant this reduces to equation (1). 

It seems likely that during the refractory period one of the variables might 
be the rate of accumulation of the excitatory state per unit stimulus which is 
given by K of equation (2) on neglecting the second term of the right. This 
neglect does not affect the argument but it allows the use of K instead of a 
more complex expression with the same meaning (Blair, 1936). Another prob- 
able variable is h the threshold of p. There is no way, however, of distinguish- 
ing the separate variations of K and h but only of their ratio K/h. It will be 
convenient therefore, to let S denote the state of the tissue as it is described 
by K/h. 

It will be observed that in equation (2) if t is constant and small enough that 
kt is small, a condition usually satisfied in refractory period measurements, the 
term (1 — e — *‘)/A reduces to t=constant so that variations in k are undetect- 
able. There is evidence in any case (see later) that k does not vary. Also the 
term in A and a which are probably physical factors, is probably constant 
when t is constant. Thus again using K to include also the terms in A, equation 
(2) reduces to constant =K Vfh = SV=K„V a /h„, i.e., KV fh will be a con- 
stant of value given by the resting value of K 0 V 0 /h a or 

constant = KV /h = KoVe/hv (3) 

Therefore, during the absolutely refractory period, V being infinite, S =K/h 
= 0, or, in other words, the conditions existing in the tissue either will not 

* Read at the Rochester meeting of the National Academy of Sciences, October 25-27, 
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accumulation °f an excita t°ry state at this time or the threshold 

rero fimllv t^r g rektlV f Iy , refractor y period, K/h will increase from 
zero anally to attain its normal value, K 0 /h 0 . 

to assume for the recovery of 5 from 0 to 5. during 
the relative phase are that the rate of recovery varies as the amount of re- 
covery still to be made, or 


dS 

dt 


= /J(S 0 - 5) 


(3 being a constant, so that on integrating from 6' = 0, at t = 0 

S = S o(l - e~0‘). 
or 


(4) 

(5) 


K 

J 


K o 

A 0 


(1 - e~*') 


( 6 ) 


But according to equation (3) Kh a /KJi = V 0 / V so that 

V 

Vo = V(1 - e -fl( ) or log — — = pi (7) 

V — Vo 

t being measured from the beginning of the relative phase. Experimentally, 
however, t, is usually measured from the beginning of the absolute phase, the 
duration of which may be represented by t B . Therefore, the data from the 
present point of view should conform to the relation. 


V 

log = /8(t - to). 

V-Vo 


( 8 ) 


Before testing the applicability of this relation, it will be convenient to 
consider the general description of the refractory period in terms of stimuli of 
equal durations. In Fig. 1 is given a representation of the usual experimental 
results. Under different conditions, two distinct types of curves, such as the 
upper and the lower, are obtained, and a third type which is a modification of 
the upper. The upper curve, which is perhaps the physiologically normal type 
will be called hereafter the curve of simple recovery. 

The lower type of curve occurs after the tissue has been excised for some 
time, and in acid media, and under the influence of certain drugs and ions, 
(Graham, 1934). This curve descends transitorily below the value, V„, of the 
initial stimulus and then returns rather slowly to V 0 . The stage in which V is 
less than V 0 is called the supernormal phase, but in reality it is usually sub- 
normal with respect to the original fresh state of the tissue, V B being greater 
than it was originally. 

The other type of curve differs from the upper only in that it descends 
more rapidly in its initial stages. It does not appear that this type has been 
distinguished previously. The conditions for its appearance are not estab- 
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lished but may be either neutrality or alkalinity of the medium. The method 
of detecting it will be considered later. This type and the previous one with 
the super-normal phase will be called hereafter the curves of complex recov- 
ery. 

Simple recovery. It is evident, on inspection of Fig. 1, that only the upper 
curve could possibly be represented by equation (8). This case will be con- 
sidered now. 



Fig 1 The data of Table 1 by Adrian (1920, p 18, Fig 10) on the recovery of the 
frog’s sciatic nerve at three different pH’s The abscissae are the intervals between the 
first stimuli at £=0 and the second, which have strengths given by the ordinates, V 
The ordinate, F 0 , the initial and final least adqeuate stimulus, is arbitrarily given unit 
value for each curve The upper curve is for pH 8 3, the lower two, large and small cir- 
cles, respectively, for pH 6 8 and 6 5 If plotted in measured volts, the curves would co- 
incide on the left, and the lower curves would be higher on the right The second stimuli 
are applied at a different point on the nerve, so the refractory phase concerned is that left 
by the passage of the impulse 


Equation (8) is tested easily by plotting log V/(V— V 0 ) against t. A 
straight line will be obtained if the equation is valid. Fig. 2 gives a number 
of cases of simple recovery in the sciatic nerve of thefrog (measured by 
Adrian) plotted in this way. These curves are quite extensive, some going to 
V=l(iV„ and the shortest going to V=10V 0 In this type of plotting, the 
divergence on the right-hand side is large for small errors, and the divergence 
on the left is small for large errors. Therefore it is important, in denoting the 
validity of the equation (8), that the points fit closely to the line on the left 
the short- times, end. The hne cuts the time axis at t = to, the end of the ab- 
solute phase. The source of the data is given in the legend. 

It will be seen that these data are linear in fair approximation. Another 
set, also by Adrian, is given in Fig. 3. These three curves are on the same prep- 
aration at different temperatures. The numerical data were published in this 
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Fig. 2. Data by Adrian (19X3) of simple recovery plotted according to equation IB). 
The lowest points in the diagram would be at about 16V 0 if the curves were plotted as 
lug. 1. The curve on the left is probably complex, of the type of those in Fig. 4. The 
numbers on the curves are the page numbers of Adrian’s paper. 



Fig. 3. Simple recovery on the same nerve at three different temperatures, as indi- 
cated; data by Adrian (1914; p. 460, exp. 1; p. 457, Fig. 1) plotted according to equation 
(8) . The lines are extended to the ordinate axis to illustrate that the temperature changes 
both phases of the refractory period in the same ratio. The slopes of the lines are the con- 
stants, (3, which are given below the curves. The real values, using natural logarithms, 
are 2.303’ times as great as these. 
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case so they can be given more weight than those in Fig. 2 which were meas- 
ured from graphs. In these cases, the conformance of the points to a linear 
relation is quite close throughout. Thus, the present results may be taken to 
indicate that the relatively refractory phase during simple recovery is defined 
by a state, S, of the tissue which is a measure of the ratio of the rate of ac- 
cumulation, K, of the excitatory state per unit of stimulus to the amount of 
excitatory state, h, required to set off a response. The state, S, is zero at the 
beginning of the relative phase and builds up at a rate proportional to its 
displacement from the normal value, So. 

Complex recovery. Of the complex recoveries, the type giving rise to the 
supernormal phase, as in the lower curve of Fig. 1, will be considered first. 
When this type is produced by acid in a tissue which gave previously the 
simple type, it is found (Adrian, 1920) that the curves for the two conditions 
tend to be coincident during the early part of recovery and that the super- 
normal state tends to be the same as the original normal state. That is, the 
supernormal phase of the lower curve (Fig. 1) would approach the upper 
curve without crossing it. 

Therefore, in complex recovery, it may be said that the tissue sets out to 
recover to approximately the same point as it would in simple recovery, but 
that as it approaches this point some new effect enters to raise the threshold 
to a higher value (Adrian, 1920). 

Considering now the kinetics of this type, it appears that the recovery 
tends initially to be given by equation (4), as before, (3 and So being ap- 
proximately the same if the same tissue is used. In the later stages, however, 
it seems as if the end point, S„, must have fallen slowly to a new level. If this 
variable end point, P, has kinetics also like equation (4), an initial value, 
S 0 (l-f-6), and a final value, S 0 , it may be described by P--So(l +be~’‘), 
b and y being constants and y being small compared to /?. 

Replacing S 0 in (4) by P, there is obtained, 

~ = p[S„a + be-") - S) (10) 

at 

and on integrating and replacing S by V as before and measuring t from the 
previous stimulus instead of the end of the absolute phase, f 0 , 

V - V 0 , Sb pb 

— — — = e -«!-<,)(i + — ) H — e -7«-w. (XI) 

V B — y /3 — y 

It can easily be seen that V — V 0 when f = » and also when 

, _ 1 , P - y + pb , 

1 — ti — -jj — — log — .Also Vis a minimum at the height of the super- 


normal phase when t = f 2 = 
subtraction that 


1 

0— y 


log 


& — y + & b 

yb 


. From these it follows on 
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tn 


fi = — — log 
fi~7 7 


( 12 ) 


Therefore the relation of ^ to 7 may be obtained by measuring the interval 
from the time when V first reaches V D to the time when it reaches its mini- 
mum. If the data are frequent enough for large values of t, may be 

neglected in equation ( 11 ) and 7 and fib/(fi-y) determined from a graph like 
Fig. 2. Data of this kind appear to be rare, but equation ( 11 ) may be tested 
in another way by data by Adrian (1920). 

These data are given in Fig. 1 and table 1 . As may be seen in Fig. 1 there 
are three curves, one simple and two complex. From the simple curve, fi, 
was obtained by means of a graph like Fig. 2 . Since the other curves coincide 
with this initially, when all are on the same voltage scale, it is indicated that 
this fi will apply closely to them also. Using, therefore, this fi, 7 was obtained 
from equation (12) and the other constant, b, by substitution. In table 1 are 
given the measured values of V and those calculated using the constants ob- 
tained in this way for all three of these curves. It will be seen that the agree- 
ment is fairly good. 



Fig. 4. Complex recovery in which 7 is greater than 8. The data, which are by Adrian 
(1914), are given in table 2. The three curves are at different temperatures. The curving 
downwards at the short-intervals end is due to the 7 process. Adrian s Fig. 2, p.458, gives 
a set of similar curves. 


In the other complex form of recovery, since there is no supernormal phase, 
the complexity is not immediately apparent. If the data are plotted according 
to eauation (7), however, the results are quite different from Figs. 2 or 3. In 
Fig 4 are plotted a set of data by Adrian (1914) of this kind. The curves are 
linear for long intervals, but for short intervals the points fall rapidly, bmce 
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the slopes of the lines are about the same as those in Fig. 3, it is immediately 
suggested that they again measure the constant jS. But the falling away of 
the points at the short-intervals end suggests the addition in this phase of a 
much faster reaction than the (3 reaction. This suggests in turn that if the 
previous basis, equation (10), is still applicable, the constant y has now be- 
come large rather than small compared to f). If this is the case, the term in 
y(t-t„) in equation (11) may be neglected at long times so that this equation 
becomes, 

log v ~v = ~ U) + log 7 „ P ah (13) 

V — Vc y — 0 — (36 


which predicts lines of slope j3 as required for Fig. 4. Fig. 4 is plotted with t 
instead of t—t therefore when £=t 0 , the point on the time axis to which the 
diverging points at the short-times end are directed, the ordinate of the line is 


log-- 


V 


= log 

y 


y ~ P 
-0- fib 


This point, f=t 0 can be obtained fairly closely by inspection and more 
closely by trial. This is assisted in the present case by the circumstance that 
the set of data consists of three curves at different temperatures. For 
Adrian observed that on lowering the temperature, all phases of the refractory 
state, including the absolute period, are prolonged in the same ratio. Thus in 
Fig. 3, for example, the lines come together at a point on the axis, 1=0. The 
lines in Fig. 4 for the long intervals meet similarly. Also there must be a point 
lower down on the axis, t = 0, at which lines from each of the lowest points at 
the short-times end meet after cutting the axis of abscissae at t — U. There- 
fore, if one absolute period is determined closely, the others can be obtained 
by this means. 


Having obtained t„ and log as indicated, and /3 from the slopes 

7 — B — pb 


of the lines, y may be calculated from the data of short durations, using equa- 
tion (11). In table 2 are given the data of these curves as observed and as 
calculated according to equation (11). There are some disagreements for the 
short intervals, notably the first point of the third curve, which is 12 per cent 
too high. The voltage changes very rapidly with time in this region, however, 
because the voltage-time curve rises very steeply, and actually this di- 
vergence corresponds to only 0.02 msec, or about 0.5 per cent in time, which 
is well within the experimental error. The agreement in the less sensitive 
regions of the curves is entirely satisfactory. 

It appears, therefore, that the kinetics of complex recovery are represented 
adequately by equation (10), which may be pictured schematically as in Fig. 
5. Here on the left is the case of simple recovery: b- 0 so that the state, S, 
starting at zero at time, t = t„, the end of the absolute phase, returns to its 
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final resting value, S 0 , at a rate proportional to the distance it has yet to go. 
In the complex types of recovery, the one with a supernormal phase is repre- 
sented in the middle. In this case, the end point, S e> is not fixed but, starting 
at an initial value, P, descends exponentially rather slowly to a final level, S B '. 
the time constant of this process is y. The state, S, recovers as before at a 
rate proportional to the distance to the end point. But since the time constant 
fi, of this process is greater than y , S transitorily exceeds 5 0 '. In the other type 
of complex recovery, 7 exceeds 0 so that as indicated in the right-hand side 
of the figure, there is no supernormal phase, but the recovery of S in its later 
stages is too slow to be in beeping with its rate at the beginning. 



Fig. 5 . Illustrating from left to right, respectively, simple jecovery, complex recovery 
with the supernormal phase (7 small), and complex recovery with 7 large. In the com- 
plex cases, the upper curves are those of the 7 process, which the 0 process, or the state, 
S, approaches as end point. The reciprocals of S give the curves of the stimuli like Fig. 
1 . On the right, the area between the dotted coordinates and the curve of the 7 process 
gives the recovery oxidation according to the hypothesis in the text. 

It is not at all probable that, as shown in Fig. 6, the initial end points’ 
P~S B (1 +5), are the same for the same tissue under different conditions. This 
is approximately true, however, in the set of data of Fig. 1 and table 1, but 
in these cases b <1. For the set in table 2, however, b~8, approximately, so 
that S 0 (l +b) —9So. Therefore, in these cases, So would be much lower than 
normally, or the threshold V 0 much higher if S B (1 -rb) were unchanged from 
that occurring in the tissue in the normal state. 

The question arises at this point as to why the 7 process does not appear 
in simple recovery. The obvious assumption to be made is that it does not 
exist, but this is neither likely nor necessary because it will be seen in equa- 
tion (13) that if 7 becomes increasingly large compared to fi, or if b becomes 
small, the second term on the right will approach 0. Therefore a case of re- 
covery in which 7 is very large or 6 small will appear to be simple unless the 
data are obtained very early in the relative phase. And in fact, in several of 
the curves of Fig. 2, the first point tends to fall below the line, indicating 
that the 7 process existed and was still incomplete at this stage. Therefore, 
it seems probable that all recovery is representable by equations (10) and (11) 
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and that simple recovery is but a special case of the kind outlined above. A 
possible reason for the smallness of b will be given later. 

The factors affecting the constants. The data of Figs. 3 and 4 were taken by 
Adrian (1914) to determine the effect of temperature. As was remarked 
above, he discovered that all phases of recovery were altered by temperature 
in the same ratio. This is illustrated in Fig. 3 by the circumstance that all 
three of the lines meet at a point on the ordinate axis. The slopes of the 



Fig 6 The data of Blair and Erlanger (1931, p 548, Fig 12) on the refractory phases 
of different fibers m a small trunk having impulse velocities in meters per second, as 
indicated by the numbers on the curves The abscissae are the intervals between the 
stimuli The ordinates are volts on a scale on which the value for infinite interval is unity 
The zero for each curve is the point at infinity of the curve next below The three curves 
for which no point at 7 2 msec is given were slightly supernormal in this region This 
was ignored and the value of V at 7 2 msec was taken for the value at infinity Therefore 
these three curves should be slightly lower on the left side 

lines, the constants ft, go in this case from 100 at 10.7°C. to 250 at 20°C., in- 
creasing about 2.7 times for a 10° rise in temperature. (The average of Adrian’s 
results (1914, p. 463) is nearer 3.0.) £1, therefore, is a function of temperature. 
According to Adrian’s finding, and as is illustrated in table 2, 7 also is the 
same function of the temperature with the same coefficient. The constant, b , 
according to table 2 is almost independent of temperature. There is no assur- 
ance from these data, however, that this process does not extend back into 
the absolute phase; so all that they indicate is that the value of b at the be- 
ginning of the relative phase is independent of temperature. There is other 
evidence, however, that the process does begin at the beginning of the relative 
phase (see later). 

With respect to pH, (3 is independent according to table 1, but 7 is de- 
creased very greatly on increase of acidity, as also is b. It appears that ,3 
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tends to be independent of fiber size, according to the data of Blair and 
Erlanger (1933), who determined the refractory periods of several fibers in 
the same trunk along with the nerve impulse velocities. They concluded that 
both the absolute and relative phases increased considerably as the velocity 
decreased. On replotting their Fig. 12 (p. 548) in Fig. 6 here so that the curves 
for all the fibers are on the same scale, it is evident, however, that the curves 
for all the velocities are about the same shape and that the absolute periods 
are also about the same. Since /3 determines the shape of these curves, it ap- 
pears that d does not change markedly with the velocity and therefore with 
the fiber size. This conclusion is probably not general, however, because in 
the velocity range of these data, the duration of the rising phase of the ac- 
tion potential changes rather little (Blair and Erlanger, 1933, Fig. 18, p. 553) 
with the velocity. But the absolute refractory period, at least, must increase 
with the low velocities for which the duration of the rising phase and therefore 
of the spike of the action potential is greatly increased, since it is agreed (see 
later) that the absolutely refractory period has about the same duration as 
the spike. It appears, however, that fibers with velocities in the range con- 
sidered here can carry approximately the same number of impulses per second 
despite their differences in velocity because the recovery times are approxi- 
mately equal. This property may serve some physiological purpose. 

Additional relations. There are a number of additional observations con- 
cerning the refractory period which should be of use in attempting to inter- 
pret the kinetics of recovery. These will be considered now. 

An important property of the supernormal phase has been determined 
also by Adrian (1920, p. 18, Fig. 9). This phase may be sufficiently long and 
stable so that during it a strength-duration curve may be taken, Adrian found 
that such a curve differed from that taken during complete recovery only in 
that it was lower throughout by a constant ratio of the ordinates. This means, 
in terms of equation (2), that only h or K or K/h has been altered, the con- 
stant, k, remaining as before. Therefore the assumption above of K/h as 
variable, k being constant, is justified experimentally for the supernormal 
condition. But since the supernormal condition is only a particular stage in 
the growth of the state, S, it is indicated that Kjh is the only variable for 
all stages of S. In any case, the variations of k are probably small enough so 
that they have no effect, for the reasons given earlier. 

Another observation of Adrian (1921) is that the absolutely refractory 
period and the duration of the spike of the action potential are approximately 
equal. Gasser and Grundfest (1936) agree with this conclusion. 

The after-potential of the action potential which is associated with and 
disappears with the supernormal phase (Gasser and Erlanger, 1930) is con- 
sidered by Gasser and Graham (1932) to be a manifestation of some process 
independent of that giving rise to the spike. This process is oxidative or gives 
rise to an oxidative process because the excess oxygen consumption per re- 
sponse on stimulation tends to vary approximately with the magnitude of the 
after-potential when it is greatly exaggerated by drugs (Schmidt, 1933, 
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Table 1 

Adrian’s (1920, p 18) data for the relatively refractory phase in the same sciatic nerve of 
the frog at three different hydrogen ion concentrations Temperature, 12 5°C The times 
are the intervals between stimuli V observed is calculated from equation (8) for the first 
set and from equation (11) for the other two 


Intervals t 

V obs 

V calc 

V obs 

V calc 

V obs 

V calc 

msec 







4 48 

2 27 

2 29 

2 07 

2 06 

1 98 

1 98 

5 35 

1 84 

1 86 

1 68 

1 68 

1 61 

1 61 

6 35 

1 54 

1 58 

1 41 

1 43 

1 35 

1 38 

8 2 

1 32 

1 31 

1 21 

1 19 

1 15 

1 15 

9 35 

1 22 

1 22 





9 7 





1 07 

1 08 

9 95 



1 05 

1 08 



11 2 





1 00 

1 01 

12 65 



0 99 

1 00 



13 5 





0 94 

0 96 

15 9 

1 02 

1 04 





17 6 



0 93 

0 95 



20 1 





0 90 

0 93 

21 4 



0 93 

0 94 



22 1 

1 00 

1 01 





23 8 





0 90 

0 93 

39 8 

1 00 






47 8 



0 95 

0 97 

0 95 

0 97 

00 

1 008 

1 00 

1 00 

1 00 

1 00 

1 00 


pH =8 3 
to =2 msec 
0=230 sec -1 
7 =0 sec -I 
6=0 


pH =6 8 
<0=2 msec 
0 =230 sec ~ l 
7 =34 sec -1 
6=0 162 


pH =6 5 
to = 2 msec 
0 = 230 sec 
7 = 42 5 sec ~ i 
6=0 115 


Table 2 


The observed voltages and those calculated according to equation (11) (using the constants 
given) for complex recovery in which y is large compared to 0, data by Adrian (1914, 
p 460, exp 2) The original 1 * 1 the observed voltages 

are the same for all three cu as Ringer’s, therefore 

the pH is not known, but it Adrian (1920) since no 

supernormal phase appeared 


V obs 

t-u 

V calc 

t t(j 

V calc | 

t-t„ | 


3 00 

msec 

0 4 

3 17 

msec 

0 20 

3 

00 

[ msec 

0 10 1 

| V calc 

3 36 

2 50 

0 63 

2 49 

0 28 

2 

52 

0 20 , 

2 37 

2 30 

0 80 

2 26 

0 36 

2 

27 

0 26 

2 15 

2 00 

1 1 25 

2 00 

0 58 

1 

96 1 

0 33 

2 02 

1 75 

2 10 

1 76 

0 90 

1 

77 

0 53 ' 

1 81 

1 50 

3 70 

1 51 

1 80 

1 

50 

1 15 

1 51 

1 30 

6 50 

1 30 

3 20 

1 

28 

2 00 

1 30 

1 20 

8 80 

1 20 

4 10 

1 

21 

2 55 

1 22 

1 15 

10 00 

1 16 

5 00 

1 

15 

3 30 

1 15 

1 00 

00 

1 00 

OQ 

1 

00 

00 

1 00 


T=9 0°C 
to =5 20 msec 
0 =138 sec 
7 =2600 sec -1 
6=7 85 


T =15 2°C 
to =2 50 msec 
0 =288 sec “ l 
7 =5800 sec -l 
6=8 4 


T=20°C 
t o — 1 65 msec 
0=437 sec -1 
7=9500 sec -* 
6=9 2 
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Schmidt and Gasser, 1933; Gasser, 1934, reviews this point of view). The 
after-potential, being associated with the supernormal phase, is therefore 
associated also with the process of time constant, y. It appears probable 
therefore, that this 7 process is oxidative. That 7 increases with alkalinity is 
consistent with this view since the rates of oxidative processes in tissue in- 
crease with alkalinity. 

It will he observed incidentally in these regards that when 7 is large, as 
in table 2 , the negative after-potential will be so close to the spike and over 
so quickly that it will be distinguishable with difficulty, in accord with com- 
mon experience. 

Now if the process of time constant, 7 , is an index of an oxidative process, 
the question arises whether or not it measures its rate directly. If it does, 
then will the area under the curve of the 7 process measure the amount of 
recovery oxidation. The area concerned will be that, for example, between the 
dotted coordinates in the right-hand side of Fig. 5 and the curve above it. As 
can easily be seen, the area under this curve is, 

f” , Sob 

I Sobe—"dt = . (14) 

J a 7 

Therefore, according to the hypothesis, bS 0 / 7 measures the amount of oxida- 
tive recovery. But if this is true, it is to be expected that this quantity will 
remain approximately constant as 7 varies, for it is not likely that the energy 
for recovery will be very different in different cases, so long as the factors 
producing them are not extreme. In table 2, for the 3 'C. case, 7 =5800, and 
6 = 8 , so that 6/7 =0.0014. In table 1, the supernormal curve at pH 6.5 and 
at 12.5°C., 7 =42.5, b =0.16, and b/y =0.0038. Therefore, in spite of the great 
difference in 7 , the quantity b/y is of the same order of magnitude in these 
two nerves which are at approximately the same temperature. Presumably, So 
is not greatly different; so the areas under the curves are about the same. 
It seems probable, therefore, that the 7 process is a transient excess of the 
rate of some oxidative process above its resting value. And the extent to 
which it has proceeded is a measure of the state of oxidation which it has 
produced. This matter is discussed by Gerard (1932) and related to the heat 
production which he found to be of the same mathematical form as that as- 
sumed for the 7 process. 

With respect to the variation of b/y with temperature in Fig. 5, b~8, 
approximately, for all three curves, or, in other words, the oxidative rate, 
after a response, is increased by the same fraction of the basal rate at all 
temperatures, but 7 is more than three times at large at 20° as at 10 . There- 
fore, since b /y is one-third as great it must be assumed that only one-third as- 
much recovery is necessary at 20 ° as at 10 °, providing So is invariable with 
temperature. There is no information on the dependence of S 0 on tempera- 
ture in these data, but it can be shown that as the temperature is varied 
keeping the duration of the stimulus constant, h 0 =IC 0 V c , approximately. _ at 
ho/Ko decreases somewhat as the temperature increases (Blair, 1935, p. JW). 
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Therefore So increases with temperature. The increase is probably slower, 
however, than the decrease of b/y. Therefore, according to the present hypoth- 
esis, the nerve will recover more economically at higher temperatures as 
far as the process of time constant, y is concerned, i.e., there will be less 
oxidative recovery per nerve impulse. This may not apply to the total energy 
however. For the y process may be operated from an oxidative reserve, and 
the replenishing of the reserve may be more expensive under one condition 
than another. 

The absolute period. The only direct information on the absolute period 
from these data is Adrian’s observation that its temperature coefficient is the 
same as that of the relative phase. That is, when temperature alone is varied, 
ftt 0 = constant, and also 7 t 0 = constant. When the pH is varied, however, both 
ft and U remain constant but y varies greatly. It appears, therefore, that if 
there is any association at all, ft and t a are related, but y and t„ may be quite 
independent. The relation of ft to t« suggests that these factors depend in 
turn on the same property of the system. Therefore, if the nature of the ft 
process becomes known, the nature of the absolute phase may become ap- 
parent, or vice versa. 

It was concluded by Adrian that in his experiments the strength of the 
initial shock did not modify the recovery even in the cases in which this was 
measured at the same place. This may not always be true, however, according 
to the results of a number of investigators. Brlanger and Blair (1931) and 
Blair and Erlanger (1933), for example, have investigated the effect of shocks 
of either polarity given in the absolute period on subsequent recovery. It ap- 
pears that a shock from the cathode during the absolutely refractory period 
increases the absolute period without modifying the curve of the relative 
period (1933, p. 546). The effect of the anode (1931, p. 125) is not determi- 
nable unambiguously from the data given, but it may be the reverse. The ob- 
servation that the cathodal shock prolongs the absolute period, and other 
considerations, led Erlanger and Blair (1931) to postulate that the relative 
phase is the disappearance of what they call the postcathodal phase of de- 
pression, following the action current spike as stimulus. This idea is used 
also by Rashevsky (1933) and Monnier (1934). It will be referred to later. 

The nature of the processes. It is evident that a possible interpretation of 
the y process is as follows: at the beginning of the relative phase, the rate of 
some oxidative process is found to have a value, So(l+6), and this rate sub- 
sides exponentially to a value, S 0 , which is the resting metabolic rate of the 
tissue. In an acid medium or in other media giving rise to a supernormal 
phase of recovery, b is usually small, i.e., the rate of oxidation at the begin- 
ning of the relative phase is not much above the resting value, S 0 ; therefore 
recovery takes a long time and the subsidence of the oxidative rate of the 
resting level is slow, i.e., y is small. In an alkaline medium b is large, i.e., the 
oxidative rate at the beginning of the relative phase is much above the resting 
rate. Recovery, therefore, takes place rapidly, and the resting rate, S 0 , is 
soon attained, i.e., y is large. The total excess oxidation is perhaps usually 
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about the same in both acid and alkaline media. But there are cases, simple 
recovery m which it appears, as was mentioned above, that y is unusually 
large or b is unusually small so that b/y, the oxidative recovery, is small. This 
may be a property of fresh preparations in which recovery may be very 
economical, or it may be that recovery is accomplished by a different method. 
And there are other cases of the opposite kind in which, under the action of 
drugs, the supernormal phase is very prolonged, i.e., y is extremely small and 
b is probably largesothat 6/7 the oxidative recovery,is unusually large (Schmidt 
and Gasser, 1933). 


Since the y process has an electrical sign, it is implied in the above con- 
clusion that the resting metabolic rate, S 0 , or the factors which determine this 
rate, may determine also the resting membrane potential. Therefore, since 
the negative after-potential accompanying the y process is a lowering of the 
membrane potential, it is indicated either that an increase in the rate of oxida- 
tion involves a decrease in the membrane potential, or that a lowering of the 
membrane potential brings about an increase in the rate of oxidation. The 
latter alternative is the more probable, however, because the membrane 
potential is low on asphyxiation and recovers with oxygen (Furusawa, 1929; 
Gerard, 1930, 1932, p. 510) indicating that the state of oxidation determines, 
or is related to, the membrane potential. Also, in asphysia(Amberson, Parpart 
and Sanders, 1931) the after-potential becomes less and less evident. This 
may be because it disappears very slowly, if at all, since the oxidative process 
required to reduce it is absent, and the membrane oatential becomes pro- 
gressively lower. Therefore it appears likely that the membrane potential 
dining the 7 process is low because the state of oxidation is low, and because 


the state of oxidation is low the rate of oxidation is excessive until the state 
of oxidation is brought back to normal. 

The j 8 process is independent of the 7 except that its end point is de- 
termined from moment to moment by the stage which the 7 process has 
reached. In accord, therefore, with the assumption above that the 7 process 
is oxidative, the rate of oxidation, or the factors which determine this rate, 
determine also the extent to which the /3 process will proceed. It scarcely can 
be considered that this process has any part in restoring the membrane 
potential since it apparently has no electrical manifestation, and particularly 
since it does not start until after the action potential spike has subsided, i.e., 
until the membrane potential has returned to, or nearly to, its normal value. 
It appears, therefore, that this (S process involves only the restoration of t ie 
ability of the tissue to respond to stimuli. Thus the excitability is a property 
which is added, to, or is recovered by, the system after it has regained in 
large part, at least, the organization which determines its potential. 

At present, there does not seem to be any conclusive evidence either from 
the data of excitation or of recovery to indicate the nature of the quantity 
K/h and therefore of this /S process. It cannot be defined any further, there- 
fore than as a return of excitability in this particular sense. 

It may be suggested, however, that the excitability-substance of Osterhout 
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and Hill, (1933) is involved. For if this occurs in nerve and is lost by the ir- 
ritable structure during the response the 0 process may be the reacquisition 
of this substance by the membrane or its recombination with the elements of 
the membrane. 

The relation of ft and y to the time constants of excitation. It is inconsistent 
with present considerations to assume that the constant, k, of equation (2) 
the excitability in the usual sense, is related to /3. Furthermore, k changes 
markedly with the velocity of the impulse (Erlanger and Blair, 1933; Blair, 
1934) in the range in which 0 does not, according to Blair and Erlanger (Fig. 
6 above). The numerical value of k is greater also, being several thousands in- 
stead of hundreds for the frog’s sciatic nerve. It is similarly unlikely that k 
is related to y since k is much less dependent upon pH. There seems to be a 
possibility, however, that 0 and y are related to the time constant of inhibi- 
tion (Rashevsky, 1933), or accommodation (Monnier, 1934; Hill, 1935). The 
reason for assuming this possibility is as follows: if the oxidative process dur- 
ing recovery is associated with an alteration of the membrane, potential, it 
is very probable that an inadequate electrical stimulus, or any stimulus before 
it becomes adequate, which will change the membrane potential, will also in 
consequence disturb the resting oxidative equilibrium and initiate a y process. 
This, in turn, should bring about a 0 process leading to a new state, S 0 , cor- 
responding to a new value of K/h. Therefore, during stimulation it may be 
necessary to take into account these factors which may be the same as inhi- 
bition. Since this matter can be investigated experimentally, however, it will 
serve no useful purpose to speculate upon the nature of the relations until 
the appropriate data are available. The observation of Blair and Erlanger 
(1931) that the postcathodal depression and the relative refractory phase 
disappear in about the same times is very suggestive that 0 determines both, 
but it is obvious that the dependence of y on pH will allow a rather large 
variation in the experimental results; so from this point of view their results 
are special cases. There is another difficulty, too, that the postcathodal de- 
pression does not always occur in frog’s nerve and muscle (Blair, 1936); 
whereas the refractory phase and presumably, therefore, the 0 process always 
does. 

The negative and positive after-potential. It will be evident that recent work 
on the after-potentials particularly of mammalian nerves (Gasser and Grund- 
fest, 1936) (Lehmann, 1937) requires a more complex representation than has 
been given. For in these nerves the composite of after -potential phenomena 
is oscillatory, consisting of a negative potential followed by a positive then by 
a negative and so on, resembling a damped mechanical oscillation of increas- 
ing period. The excitability is super- and sub-normal in step with the nega- 
tive and positive variations. It is evident, therefore, that the representation 
of the 7 process as a simple exponential while adequate except under special 
conditions in the frog will be inadequate with mammalian nerve. In this case 
the 7 process must be represented by some appropriate oscillatory function, 
or as suggested by Gasser and Grundfest (1936), by two contrary processes. 
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These cases are so. complex mathematically in relation to the 
measurement that it seems likely that they can he studied most 
tensions of the simpler situation in the frog. 


accuracy of 
safely as ex- 


SUMMARY AND CONCLUSIONS 

It appears likely that by means of stimuli of short, equal durations and 
variable strengths one is enabled to describe the refractory period in terms 
of, and only in terms of, the ratios, S ~K/h, K being the rate of accumulation 
of the excitatory state per unit stimulus and h being the threshold value of 
the excitatory state. At the end of the absolute phase, this state, S, beginning 
at 0 returns to its end point, S<„ at a rate proportional to the distance re- 
maining. The end point, however, depends upon the rate of some oxidative 
process which is raised by the response, and which recovers exponentially to 
its resting value. When its recovery is fast there is no supernormal phase of 
excitability, but when it is slow there is a supernormal phase as well as an 
evident after-potential which is associated in some way with the excess oxida- 
tion. The time constant of the recovery of the state, S, has no electrical mani- 
festation, is independent of pH, and of fiber size to some extent, is increased 
about three-fold with 10°C. rise in temperature, and varies inversely as the 
absolute period as this varies with temperature. The time constant of the 
oxidative process varies similarly with temperature but is increased very 
greatly on going from acidic to alkaline media. If both of these processes are 
chemical, a method is provided for studying the reactions concerned with 
much greater accuracy than is ordinarily possible. In any case, the mode of 
variation of the time constants of these processes with different reagents and 
conditions should throw considerable light on the nature of the excitatory 
mechanism and of the refractory state. 
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I. Introduction 

The morphological changes which take place during degeneration and re- 
generation of peripheral nerves have been thoroughly investigated (Ranson, 
1912, Ramon y Cajal, 1928; Speidel, 1935). In the case of the cranial nerves, 
however, information is less complete and little attention has been given to 
the functional aspects of the problem, especially with regard to the return of 
motor power following transection. Highly favorable for such a study are the 
muscles of the eye. The movements of the two eyeballs are synchronous and 
coordinate, and any differences in their coordinated actions, or in the move- 
ments of the eyelids, are therefore conspicuous. The present note is based 
upon study of a chimpanzee following section of the third cranial nerve. The 
characteristics of the oculomotor paralysis were analyzed in detail as well as 
the stages of regeneration and recovery of function. 


II. Observations 

Details of these observations are included in the following protocol: 

Experiment 1. Section of right Hid cranial nerve in chimpanzee; complete ophthalmo- 
plegia; "fright” reaction after 5 weeks; gradual recovery with disappearance of ptosis after 
3 months and return of conjugate movements. Stimulation of left eye fields causing elevation 
of right lid and movement of eyeball; section of regenerated nerve abolished cortical response. 
Ablation of eye field. (Tim) 

The subject of the experiment was a male chimpanzee in which a small flocculonodular 
lesion of the cerebellum had been made 6 months previously (Dow, 1938).. 

First operation. — On February 5, 1937 with the animal under deep sodium amytal 
anesthesia the right oculomotor nerve was exposed by elevating the right temporal lobe 
and cleanly severed with a pair of sharp scissors. The two cut ends lay separated from 
one another by 2 to 3 mm. after the transection. The cortical eye fields were in no way 
damaged by the operation. 

Postoperative notes — 1st day. — When the animal recovered from anesthesia, the right 
eye showed complete ptosis, the globe was externally deviated, the pupil maximally 
dilated (7 mm.), and "fixed” to all types of light stimulation; the only slight orbital 
movement detectable was in the horizontal plane between the outer canthus and (par- 
tially) the midline (IVth and Vlth nerves). Both eyelids moved downward m response to 
corneal and visual stimulation and during spontaneous blinking. . , , 

5th day.— The animal had now quite recovered from the operation. Movements of the 
right eyeball between the outer canthus and central visual axis were more evident, r os s 

continued to be complete. . , , _ , . , - 

11th day. — The ptosis began to disappear; the right palpebral fissure being op • 
mm.; and by the 29th day (March 6) it was 4 mm. wide. Recovery developed more rapidly 
on the temporal than on the nasal side of the eyelid. 

* This work was aided by a grant from the Research Funds, Yale Uni\ ersity School of 
Mediane-j^dor Abrahamson Fellow, Mt. Sinai Hospital, New York, 1936-3/. 
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31st day — The animal had been tested several times previously for the "fright” re- 
action with indefinite response Today when threatened the right fissure within about 30 
seconds widened to 9 mm , remained open for 45 seconds and then narrrowed down to 
4 mm This raising of the upper eyelid associated with fright, and termed the "fright” 
reaction (Bender, 1938), was thus demonstrated and it proved entirely similar to the cor- 
responding phenomenon observable in ophthalmoplegia in monkeys 

54th day — Ptosis was still diminishing, the palpebral fissure being open 8 to 9 mm as 
indicated in Fig 1 Note that the left eyeball is looking upward 



Fig 1 Photograph taken on 54th day after section of right oculomotor nerve Note 
partial recovery from ptosis of right eye (open 8 to 9 mm ) The left eye is looking upward 
indicating that the right must be maximally opened 

GOth day — Pseudo Graefe phenomenon — During the period in which the ptosis had 
been diminishing it had been noted that the right upper eyelid did not move in unison 
with the normal left eyelid, thus, when the chimpanzee looked down, the left lid moved 
downward, whereas the right superior lid remained stationary This phenomenon was 
especially noticeable today (April 6), when the affected palpebral fissure was open 10 
mm By the 81st day (April 27) it was noted that when the left eye looked down* the 
right upper eyelid definitely became slightly elevated (pseudo Graefe phenomenon, Fig 
2) The latter movement was evidently due to active contraction in the recovered levator 
palpebrarum muscle 

Subsequent course — After the 81st day recovery of function proceeded continuously, 
ptosis was less marked, the pupil became smaller (6 mm ) in diameter, and the eyeball 
made movements toward, but not beyond, the vertical plane of the central visual axis 
This is well illustrated in photographs taken on the 102nd day (Fig 2, A and B) On the 
110th day (May 26) it was noted that when the eyes were conjugately deviated to the left, 
the right eyeball moved to the left beyond the central visual axis, thus demonstrating 
the presence of contraction in the right internal rectus muscle The right pupil meas 
ured 5 mm in diameter On gazing to the left or downward, the right upper eyelid was 
found to retract, i e , impulses to the right internal or right inferior rectus were accom 
panied by impulses to the levator palpebrarum In other words, several muscles innervated 
by the formerly cut oculomotor nerve contracted simultaneously, and the levator palpebrarum 
contracted when it should have relaxed In order to ascertain whether these contractions 

* When the chimpanzee looked down only the left eyeball rotated toward the lower 
hd edge Vertical movements in the nght globe were not apparent, probably because the 
depressor and elevators of the eye contracted simultaneously Proof that this was the 
case was found in a monkey m which the inferior rectus muscle was divided and the 
oculomotor nerve cut When regeneration appeared, upward and inward movements of 
the eyeball and simultaneous retraction of the hd occurred 
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Third operation — Resection of the right 1 1 Id nerie — After the eye fields had been stimu- 
lated the right oculomotor nerve was again reexposed and found firmly reunited, it was 
again severed with scissors Thereafter the animal again developed complete ptosis of 
its right eye (Fig 3, see below) 

Fourth operation — Ablation of left eye fields — Some hours after the previous operation 
the left frontal eye fields (area 8) were ablated by Dr Margaret Kennard who will de- 
scribe the results in another connection 

SUMMARY OF FINDINGS 

1 Stimulation of the fields in the right cerebral cortex resulted in conjugate devia- 
tion of eyes to the opposite side * The globe moved slightly past the midlme toward the 
left while the right upper eyelid retracted 



Fig 4 Diagram of the hemispheres showing the principal points stimulated in out 
lining the eye fields For key to points see Appendix 

2. Stimulation of eye field in the left cerebral hemisphere yielded conjugate move- 
ment of eyes to the right (Fig 4) The right upper eyelid became slightly elevated with 
these ocular movements 

3 Section of the reunited oculomotor nerve 110 days after it was first cut resulted 
in the reappearance of ophthalmoplegia (Fig 3) and external strabismus, there was at 
first no dilatation of the pupil, since the pupil had for another purpose been constricted 
by instillation of esenne 5 hours prior to the resection of the IUd nerve After the effects 
of esenne had worn off the dilatation of the pupil became evident 

4 Stimulation of the eye fields following the second cutting of the right oculomotor 
nerve failed to elicit movement in the nght superior eyelid or right internal rectus muscle 
When the right cortical eye field was stimulated to cause the eyes to move conjugately 
to the left, the nght globe moved, but only to the midline (Fig 4) This movement was 
interpreted as due to relaxation of the right external rectus muscle (Sherrington, 1893, 
1899) 

* Repeated stimulation causing the eyes to move to the left was followed by conjugate 
deviation of eyes to the right when at rest This was interpreted as relaxation in the 
fatigued group of muscles and thus secondary deviation of the eyes by the non fatigued 
group of muscles 
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l notes J Fourth operation ).— When the chimpanzee recovered from the 
f.r.uuif f 6 - ho “f resection of its Hid nerve, in addition to the right oculomotor 
ophthalmoplegia, the left eye was found deviated to the left. Rarely did the left eye move 
beyond the midline to the right. This restriction of eye movement to the right seemed to 
tie part of supranuclear conjugate paralysis as a result of extirpation of the left eye field 
(Kennard and Ectors, 1938). The head was turned persistently to the left and when the 
animal walked , it invariably turned to the left, the eyes moving first, then the head, then 
me neck and upper trunk, the rotation movements occurring in spiral fashion. The fields 
of vision were normal; the animal reacted to confrontation tests in the right as well as the 
left fields of vision. 


Four hours after the operation, the head and eye deviation toward the left became 
less prominent, although the animal still tended to rotate toward the left in its move- 
ments. Six hours after operation the head was practically in the midline, the left eye was 
slightly deviated to the left and the animal when attempting to move, did so to the left. 
When the left eye moved to the left, the right eyeball moved from the outer canthus to 
the left, but only to the midline. Eighteen hours after operation the general condition was 
the same. When in motion, the chimpanzee circled toward the left. 

After 24 hours the right and left cerebral cortices were reexposed and the eye fields 
were again stimulated. No responses were obtained on stimulating the right eye field at 
this time. Subsequent stimulation, however, caused the left eye to move out to the left, 
while the right eye moved toward the midline. 

Fifth operation — Ablation of right occipital lobe . — The right occipital lobe was then 
ablated on May 27, 1937. Following this procedure, both eyes were found conjugately 
deviated to the right. So long as the chimpanzee was under deep anesthesia, the eyes 
remained deviated to the right. When the anesthesia was light, the eyes returned to the 
midline position. Stimulation of the cerebellar hemispheres produced no responses either 
in the eyes or in. any of the extremities. The animal was then sacrificed (May 27) under 
deep anesthesia for histological study. 


III. Discussion 


The muscles supplied by the oculomotor nerve are the superior, inferior, 
and internal recti, levator palpebrarum, inferior oblique, pupillary constrictor 
sphincter and ciliary muscles. When tins nerve is electrically stimulated, all 
structures innervated react. The resultant visible effects are retraction of the 
superior eyelid by the levator palpebrarum muscle, internal rotation of the 
globe by the internal rectus muscle, and constriction of the pupil by the 
sphincter constrictor fibers.* Vertical movements of the globe are not appar- 
ent because the action of the inferior rectus is antagonistic to that of the su- 
perior rectus and inferior oblique muscles. When these contract simultane- 
ously there is little resultant motion. Furthermore, the action of the internal 
rectus is enhanced by the fact that the antagonistic muscle, the external 
rectus, is relaxed. With such apparently reenforced action, the eyeball is 
pulled on a horizontal plane nasally rather than in any other direction. On 
electrical stimulation of the normal oculomotor nerve, discrete action m indi- 


vidual muscles could not be obtained. 

After section and regeneration of the oculomotor nerve m the chimpanzee, 
a similar picture was obtained. It appeared that all muscles, never one, co 
tracted. Whenever the inferior or internal rectus muscle was stnnulated to 
contract, there occurred retraction of the superior eyelid and inward move- 


* These observations were made in monkeys m which the normal and regenera 
oculomotor nerves weve electrically stimulated (M.c.rs.). 
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ment of the globe. Vertical rotation of the eyeball was not observed. Identical 
conditions have been described in the human (Bender, 1936). Pupillary con- 
striction as noted on electric stimulation of the normal oculomotor nerve 
was conspicuously absent. Apparently regeneration to the pupillary sphincter 
muscle had not take place. However, some evidence for recovery in this 
structure may be found in the gradual lessening of the pupillary dilatation; 
that is, return of tone in pupillary constrictor muscle. Active contraction of 
the pupil in association with an impulse to the inferior rectus muscle in a man 
who showed evidence of oculomotor nerve regeneration has been described 
(Bender and Alpert, 1937). The constriction of the pupil in this case was part 
of a contraction of all structures innervated by the oculomotor nerve. 

With regard to this apparent lack of pupillary function in the chimpanzee, 
it must be remembered that when the oculomotor nerve is cut intracranially, 
the fibers degenerate only as far as the ciliary ganglion. When regeneration 
occurs, the fibers reunite with cells in the ciliary ganglion and not the m. 
sphincter pupillae directly. The nerve endings in the ciliary muscle did not 
degenerate. These factors may play a role in the delayed recovery of function 
of the pupillary constrictor fibers. Perhaps with time, pupillary movements 
might have been detected. 

The phenomenon of simultaneous contraction in muscles supplied by a re- 
generated nerve with loss of individual action has an anatomical basis. In 
numerous experimental studies, morphological evidence of nerve regenera- 
tion has been found as early as one day after the nerve had been cut. Axons 
from the central stump grow out into the exudate and break up into many 
branches, making, as is well known, a compressed regenerating mass of fiber. 
The axons in the peripheral stump do not occupy the nerve sheaths corre- 
sponding to those of the central stump. Furthermore, intermingled with the 
axis cylinders of the medullated nerve fibers are those of the non-medullated 
type. 

With such structural alterations a stimulus conducted in the central stump 
along a set of fibers which normally supplies one group of muscles is shunted 
at the scar by way of the regenerated axis cylinders to fibers which carry 
impulses to other groups of muscles. Thus contraction of individual muscles 
would be impossible. The degree of contraction in each of the recovered 
muscles would depend on the number and variety of regenerated nerve fibers 
it received. Some muscles, like the levator palpebrarum in the chimpanzee 
described, might be reinnervated chiefly by fibers of the inferior rectus and 
internal rectus, and but little by branches from other nerves in the central 
stump. Such regeneration would explain why the upper lid retracted on down- 
ward and nasal gaze but not on upward gaze. 

Summary 

1. Observations of functional recovery following section of the oculo- 
motor nerve of a chimpanzee are recorded. 

2. Inward or attempted downward movement of the affected eye caused 
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I. Introduction 

Analysis of functional localization in the cerebral cortex has led to a pro- 
gressively closer correlation with structural characteristics. The important 
pioneer studies of the Vogts 15 were the first on the cytoarchitecture of func- 
tionally discrete cortical areas. Investigations of the effects of ablation of the 
arm and leg areas in monkeys and anthropoids have recently been carried out 
by Fulton and his collaborators 7 but the areas controlling movements of the 
face, head and neck have been little studied and there remain many points of 
uncertainty. In the present study the effects of localized cortical ablation of 
the face area have been observed as well as the characteristics of its excita- 
bility. In order to correlate electrical responsiveness with structural detail, 
histological examination by serial section has been made of the experimental 
brains. The results will be presented in two papers, the first dealing with the 
excitability and the second with the effects of ablation of' the “face area” of 
the cerebral cortex and its component parts. 


Historical review 


The responses of the facial musculature to cortical excitation were studied in detail by 
Beevor and Horsley. 1,2 From the inferior part of the precentral convolution they obtained 
a great variety of facial and lingual movements, which they described minutely. Move- 
ments of the face were most frequently observed when the upper portion of this cortex 
was stimulated, and lingual movements result from stimulation in the extreme inferior 
portion of the precentral convolution. Laryngeal movements were described about the 
same time by Semon and Horsley. 15 In the latter part of the 19th century Spencer 14 ini- 
tiated the study of respiratory changes. Although the subject was discussed by others 8 
the next important advance was made by Cdcile and Oskar Vogt 16 in IS 19, who described 
in detail the reactions to cortical stimulation of the motor face area and correlated them 
with the cytoarchitectural structure of the cortex. They found that excitation of the 
gigantopyramidal cell area (area 4) gave rise to discrete responses of the cephalic muscu- 
lature with a low threshold of stimulation. From the area just rostral to this, area 6aa, 
with somewhat stronger stimuli, more complicated movements arose. Just inferior to this 
area, about the sulcus subcentralis anterior, was a zone (area 6ba) from which rhythmical 
masticatory movements of the tongue, jaw and pharyngeal muscles were obtained. Stim- 
ulation slightly anteriorly (area 6b/3) produced alterations in respiratory rate and rhythm. 
In the intact cortex rhythmical movements of the tongue and jaw were seen with stronger 
stimulation of area 3a (lower part). The experimental findings of the Vogts have been 
confirmed in man by Foerster 6 and Cushing, 5 but histological correlations could not be 
made with clinical studies. The respiratory changes evoked by cortical stimulation have 


* This work was aided by grants from the Research Funds, Yale University School of 

Me t 1 FeUowofthe Rockefeller Foundation 1935-1937; now in the Division of Neurology 
and Neurosurgery, University of Chicago. __ . . 

j Department of Physiology, Western Reserve University. 
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been studied recently by Smith, 15 and by Bucy and Case.* These authors report inhibition 
of respiration by stimulating a small area in the oral part of the human precentral gyrus. 

Methods and technique 

Animals. The responses to electrical cortical excitation have been studied 
in 33 monkeys ( Macaca mulatto.) of which 3 were in such poor condition that 
no results were possible, 4 baboons {Papio papio), 4 chimpanzees ( Pan 
satyrus), 1 mangabey (Cercocebus aethiops), and 1 spider monkey ( Ateles ater ). 
The cortex in the face region was intact in 29 animals; 11 had one or more 
cerebral ablations of the motor or premotor face area at least one month 
previously. The latter animals make it possible to demonstrate the effect of 
excitation of the various cytoarchitectural areas in the absence of adjacent 
regions. In some animals superficial cortical incisions were made at the time 
of stimulation, but this, as commonly occurs, often led to dubious results be- 
cause of "shock” and depression of cortical activity. 

Stimuli. The cortex was excited by several methods. In the early experi- 
ments (17 occasions) the Harvard inductorium was used. Later (12 cases) 
stimulation was obtained by repeated condensor discharges through a thyr- 
atron tube and loosely coupled step up transformer, while still later a sixty- 
cycle A.C. sine wave (13 cases) current was employed. Galvanic stimulation 
was used in 3 experiments, the source being one or two 6-volt storage bat- 
teries in series. In many experiments the several forms of stimulation were 
compared. Bipolar metal electrodes, separated 2 mm., were used. As a routine 
procedure the cortex was stimulated for 5 seconds with 1 minute between 
tests. 

Respiratory tracings. Respiration was recorded on smoked paper, by at- 
taching a recording tambour to one arm of a tracheal cannula or to a partially 
inflated blood pressure cuff fastened around the thorax. 

Histological control. At the time of stimulation representative points were 
marked on the cerebral cortex with india ink. The brain was later fixed in 
formalin or 95 per cent alcohol and the cortical markings of the inferior frontal 
region indicated by ink lines traced upon cellophane. The inferior frontal 
region with a generous amount of adjacent cortex on all borders was embedded 
in celloidin and sectioned serially at 20 to 25 micra, every 25th section being 
stained with toluidin blue or thionin and mounted. These sections were 
studied microscopically, and every 50th drawn at a magnification of 2, the 
cytoarchitectural areas being marked upon the drawing. Every operated cor- 
tex and a number of normal ones were so treated. In all, the brains of 22 
animals, including chimpanzees, baboons and macaques, have been studied 
in this manner, representing more than 40 hemispheres; in 2 baboons and 2 
macaques the cortex of the face area was sectioned serially and stained for 
myelin according to the Weigert-Pal technique. 

Terminology. The terminology used in the description of the cortical areas 
follows that of the Vogts in their description of the cortex of cercopithecus. 
The term motor cortex or motor area will be used as synonymous with area 
4 and premotor interchangeably with area 6 (Fig. 1). 
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The following abbreviations and symbols have been used: 


Area 4 c . 


Area 5a. 


Area 6a°(. 


Area 6b*. 


Area 6b^. 


C. S. sulcus centralis 

I. P. sulcus precentralis inferior 

S. A. sulcus subcentralis anterior 

S. S. sulcus Sylvii 

II. The Morphology, Anatomical Relations and 
Architectonics of the Face Motor Area 

The configuration of the inferior portion of the precentral convolution of 
the macaque and baboon is usually constant. Near its inferior extremity, the 
central sulcus swings posteriorly to terminate half a centimeter above the 
sylvian fissure. Between the central sulcus and the vertical limb of the in- 
ferior precentral sulcus (frequently termed the arcuate sulcus) lies a tri- 
angular area bounded interiorly by the sylvian fissure. In its middle is a small 
dimple, a rudimentary sulcus, termed the sulcus subcentralis anterior (Fig. 1). 
A fairly constant feature of the macaque and baboon cortex is a small vein 
passing from the horizontal limb of the precentral sulcus interiorly and pos- 
teriorly to the central sulcus joining the latter approximately a centimeter 
from its lower extremity. This vein is an important landmark, for excitation 
of a point in the superior angle between it and the central sulcus almost always 
gives rise to flexion of the contralateral thumb, and stimulation of a point in 
its inferior angle produces retraction of the contralateral angle of the mouth. 
The face area then consists of a triangular area between the inferior limb of 
the precentral sulcus anteriorly, the above mentioned vein and the central 
sulcus posteriorly, and the sylvian fissure interiorly. 

Anatomical relationships. The afferent connections of the cortex of the face 
area are of two types, one subcortical and the other cortical. The main sub- 
cortical projection arises from the medial portion of the anterior half of the 
lateral nuclear mass of the thalamus. 16 This projection terminates almost en- 
tirely in area 4, only a few fibers passing to area 6. The significance of this 
connection lies in the fact that the afferent connections of this part of the 
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thalamus are from the dentate nucleus of the cerebellum. It is probably 
through this mechanism that the cerebellum maintains a coordinating influ- 
ence upon the volitional motor activity of the cerebral cortex. Transcortical 
connections are numerous from both the postcentral convolution and the pre- 
frontal areas (Mettler 10 - 11 ). The efferent projections from this area are not so 
well known. Mettler 10 and Levin 8 have both studied Marchi degenerations 
from lesions of this area in the monkey. We have also examined three prepara- 
tions serially sectioned after being treated according to Marchi technique. 
The lesions were confined respectively to the motor and premotor areas, the 
premotor area, and the motor area. In general, a projection system passes 



Fig. 1 . Cytoarchitectural divisions of the cerebral cortex of the cercopitheque monkey 
according to the Vogts’ investigation. 

from both the motor and premotor areas, through the knee of the internal 
capsule and the medial third of the peduncle to the pons. In its course fibers 
are given to the thalamus, substantia nigra and subthalamic regions. In the 
pons numerous corticopontine fibers break up in the dorsal pontine nuclei. 
Corticobulbar fibers leave the main group of descending fibers in the cerebral 
peduncle to lie at the ventral border of the tegmentum adjacent to the medial 
lemniscus. From there fibers pass into the tegmentum and reticular substance, 
but no bundles reach any of the cranial nerve nuclei. Presumably an inter- 
calated neuron is present or these fibers arborize about the dendrites of the 
cells of the cranial nerve nuclei. 

Cytoarchitectural pattern. Within this area are several distinct cytoarchi- 
tectural and myeloarchitectural divisions. Although the general architectural 
characteristics of this part of the precentral convolution conform to those of 
the superior portion, it has certain unique features. The motor (area 4) and 
premotor (area 6) regions are readily distinguished and the latter may be sub- 
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in the leg and arm areas rarelv attain!™ J AT d ° t J® ch tbe enormous size of those 
the same profusion as in 'the latter areas^ Thev 016 &I °f ^ ,™ cra nor are they found in 
more frequently along the upper part of £ S° a ^ dis P ereed < b “t -cur 
anteriorly (see Fig 2A) Superiorlv the , , * sulcus and are sparsely scattered 
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Fig. 2. Photomicrographs to show the cytoarchitectural appearance of the cerebral 
cortex of the face motor area. A. Areas 4c and 6a a. B. Area 6ba. 


Area 6. Lying anterior to the gigantopyramidal area and extending to the depth of 
the inferior precentral sulcus is a zone of agranular cortex, area 6aa, presenting the same 
characteristics as that bordering the gigantopyramidal area in the arm and leg areas. 
It is, in fact, in direct continuity and indistinguishable from that portion (see Fig. 2A). 
Immediately inferior to this area, with a fairly abrupt transition, is a distinct type of 
agranular frontal cortex characterized by a heaping up of the medium sized pyramidal 
cells just below the fourth layer, giving the appearance of a dense granular fourth layer 
(see Fig. 2B.) This area 6ba is quite characteristic and readily distinguished. It extends 
as a strip along the inferior margins of areas 4c and 6aa from the anterior subcentral sul- 
cus to the lower portion of the inferior precentral sulcus. Anterior and inferior to this area, 
the cortex of area 6ba is slightly modified, the heaping of the fourth layer becoming less 
prominent, and the cells of the fifth layer slightly smaller. This portion is area 6b 0 of 
the Vogts. It has a faint but definite granular layer, which traced anteriorly becomes 
more pronounced as this type of cortex merges into area 10. . 

The posterior margins of these latter two types of area 6 cortex_along the anterior 
subcentral sulcus sharply give way to the cortex of area 3a. This sensory or granular cor- 
tex extends anteriorly from the tip of the central sulcus to the anterior subcentral sulcus 
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and inferiorly almost to the sylvian fissure. It is characterized by its thinness, and the 
presence of occasional large cells in the 3rd and 5th layers, which distinguishes it from 
the cortex of area 3b and 1. 

Myeloarchitectural pattern. The myeloarchitecture of the divisions of the face area is 
not quite so distinctive as the cytoarchitecture. In myelin stained preparations area 3 is 
characterized by its thinness, and the presence of a dense transverse layer of myelin 
fibers in the fourth layer. In the motor or gigantopyramidal area, the increased thick- 
ness of the cortex is more apparent and the transverse bands less prominent. In area 6 
the latter is still less pronounced. 

III. The Results of Electrical Stimulation of the Face Area 

Electrical excitation of each cytoarchitectural area causes a more or less 
characteristic response which may be modified by an interplay between the 
constituent parts of the motor areas. It is therefore necessary to consider the 
response of the individual parts of the face area to electrical stimulation both 
in the intact normal cortex and in the isolated cytoarchitectural area, for the 
latter response while not physiological is essential for an analysis of the part 
played by each cortical area in a movement. 

The principal areas 

Area 4. The characteristic response from electrical excitation of area 4 of 
the face region is a brief contraction of an individual muscle of the contra- 
lateral face or a smooth sustained contraction of a group of muscles (see Fig. 
3). The fine twitch of a small group of muscle fibers is best elicited by galvanic 
excitation of the motor cortex; sustained responses may be obtained by faradic 
or sinusoidal stimulation. The threshold of excitation of the cortex within the 
area is not uniform; usually from a small area along the anterior lip of the 
central sulcus in the upper part of the face area, a minimal stimulus, insuffi- 
cient to elicit a response from any other part of the face area, will give rise to 
retraction of the contralateral angle of the mouth. With the same stimulus, 
this response may be carried to any part of the motor face area by facilitation, 
i.e., successive stimulation of adjacent points. It cannot be carried with this 
minimal stimulus into the suprajacent arm area or into area 6, although a 
somewhat stronger strength of excitation will allow this response to be car- 
ried to area 6 of the face region. Slightly stronger stimuli will give rise to 
other primary responses from area 4, in general the response is in the facial 
musculature when the upper part of the cortical face area is stimulated, and 
in the tongue when area 4 near the tip of the central sulcus is excited. The 
usual response of the tongue is deviation and rotation to either side, but many 
variations may be present. Movements of the soft palate may result from 
stimulation of this lower part, but vocal cord movements have not been ob- 
served. With slightly supraliminal stimuli, parts of area 4 may give a response 
while intermediate points are unresponsive. This phenomenon is probably 
related to the scattered collections of Betz cells, especially since such cells are 
most numerous in the superior portion of area 4 (face part) lying along the 
anterior margin of the central sulcus, from which area a response is produced 
by minimal stimuli. 
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These characteristic responses from area 4 are present even after area 6 
has been removed In fact, if all but a few Betz i are ablated a typfcal 

thSThe ZZn ^ ^ ° btamed from these remaining cells. It therefore follows 
that the response from area 4 is independent of any adjacent cortical areas 

However a certain interrelationship of areas 4 and 6 may be shown with 
slightly stronger stimuli. If the point with minimal threshold in area 4 is 



Fig. 3. (Area 6, 59) Sketch of the right cerebral hemisphere to show the cytoarchitec- 
tural areas of the face motor region in a macaque monkey, and representative sections 
of the same cortex to show the precise limits of the different areas. The following re- 
sponses were elicited by electrical excitation with a sine wave 60-cycle alternating cur- 
rent: 

Point 1. (2 volts) Retraction of the left angle of the mouth. 

Point 2. (2 volts) Elevation of the left shoulder. 

Point 3. (2 volts) Protrusion and slight deviation of the tongue to the left side. 

Point 4. (2 volts) No response. 

Point 5. (2 volts) Rhythmical opening and closing of the jaw with backward and 
forward movement of the tongue. 

Point 6. (5 volts) Arrest of respiration (see Fig. 6) . 

stimulated with a liminal stimulus, the response may be obtained, from 
adjacent parts of area 4 by facilitation, but cannot be carried to any adjacent 
areas. With slightly stronger stimuli it is possible to facilitate the response 
into area 6a and carry it to the boundaries of this area. With somewhat 
stronger excitation the response may be carried into areas 6b, 3 and 1 (Fig. 5). 
It cannot be carried into the arm region, for as soon as the boundary between 
the face and arm region is passed the face response is lost and a finger move- 
ment appears. 
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Area 6 In general the threshold of area 6 is definitely higher than that 
of area 4. Responses from area 6, contrary to those from area 4, cannot be 
carried by facilitation, because stimulation of an adjacent cortical point gives 
rise to a new response 

Area 6aa. Each of the three cytoarchitectural subdivisions of area 6 have 
more or less specific responses to electrical 'excitation. Excitation of area 




Fig 4 (Area 6, 68) The cytoarchitectural areas of the motor face area of the baboon 
( Papto papio) In this animal area 4 was completely removed 5 months previously (the 
ablated area is in black) Excitation of the entire remaining face region caused no motor 
response except from the area surrounding point 1, from which rhythmical chewing move- 
ments of the jaws and tongue were elicited The point was marked with India ink, and its 
precise position as revealed by serial sections of the cortex is shown in section 175 


6 a a gives rise to rather complex movements of groups of facial muscles, but 
never to twitches of individual ones. Entire ablation of area 4 largely destroys 
the responsiveness of area 6aa (Fig. 4). Strong stimuli cause, after a latent 
period, feeble rhythmical masticatory movements from its lower part if 6ba 
is intact, but a superficial incision between areas 4 and 6 (made in area 6, 
1-2 mm from the border of area 4, in 5 experiments) does no more than tem- 
porarily impair the response. After 15-20 minutes the shock passes off and 
the cortex responds as formerly to the same strength of stimulus. It is there- 
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fore probable that the responses seen from area 6aa are the result of short 
subcortical U fibers between it and area 4. 

Area 6ba. Excitation of area 6ba with stimuli slightly suprathreshold 
for area 4 produces a characteristic response consisting of rhythmical open- 
ing and closing of the mouth, with or without protrusion and retraction of 
the tongue. This response may be maintained for a long period of time, but 
cannot be carried by facilitation to adjoining parts of the cerebral cortex. 
It is quite independent of the adjacent cortex of area 4, and persists in the 
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Fig. 5. (Chimp. S.) A. normal size. B. Enlargement of the cortical face area to show 
the cytoarchitectural areas. Using 10 J volt galvanic stimuli the following responses were 
obtained: 

Point 3. Twitching in the contralateral side of the tip of the tongue. 

Point 2. Twitching in the contralateral cheek muscles. 

No responses could be obtained outside area 4 with this form of excitation. Stimulation 
of point 3 with Ij volt sine wave 60-cycle current produced deviation of the tongue to 
the left side. This response could be produced from any point in area 4 by facilitation 
but as a primary response from point 3 only. Using a stimulus of 2.5 volts it could be 
facilitated to any point in areas 4c and 6aabutnottoarea6ba or 6b(3 (within the area out- 
lines in A). Primary responses elicited by a stimulus of 2.5 volts were as follows: 

Point 1. Extension of the left thumb. 

Point 2. Retraction and elevation of the left upper lip. 

Point 3. Deviation and protrusion of the tongue to the left side. 


complete absence of area 4. Rhythmical movements of jaw, tongue and 
pharynx are readily elicited in the monkey and baboon but in the chimpan- 
zee we were able to produce only rhythmical movements of the tongue. Bee- 
vor and Horsley 1 were also unable to elicit masticatory movements in the 
orang. In the intact cortex these rhythmical movements may be associated 
with slow complex movements of the tongue before the onset of the rhyth- 
mical component (see Figs. 3 and 4). 

Area 6b@. Excitation of area 6bjS in five of 15 experiments, 10 monkeys, 2 
baboons and 3 chimpanzees, in which respiration was recorded produced an 
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alteration of the respiratory rate and depth (Fig. 3). Respiration is usually 
completely arrested in expiration for 10-15 seconds, although after 9-10 
seconds a respiratory effort may break through (Fig. 6), and occasionally 
only a diminution of excursion is present. Although respiration was arrested 
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Fig. 6. (Area 6, 59) Respiratory record showing, A. complete temporary arrest of 
respiration following stimulation of area 6b/9 (point 1, Fig. 3). B. slowing of the respira- 
tory rate from stimulation slightly anterior to point 1 of the previous tracing at the 
junction of areas 6b/? and 6ba. (The strength of excitation was 5 volts using a 60-cycle 
sine wave stimulus; respiratory record is a tachygram recorded from the tracheal can- 
nula; time is shown in seconds at the base of the record.) 

in expiration in all our experiments other investigators have described its 
cessation in forced inspiration or expiration and in normal inspiration or 
expiration. 13 - 4 The response is quite independent of the motor area or other 
portions of the premotor cortex. The best results were obtained from the 
monkey, but were observed in the baboon and chimpanzee. 

Area 3a. Area 3 which extends anterior to the central sulcus is inexcitable 
in the absence of area 4. In the intact cortex, however, strong stimuli produce 
simple movements of the facial musculature or of the tongue. Similar move- 
ments have been observed from excitation of the postcentral convolution 
(area 2). Incision of the cortex superficially does not abolish these responses 
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but deep incision does. It seems probable, therefore, that such responses are 
the result of subcortical connections to area 4, although spread of current is 
not excluded. ' ' 

Ipsilateral cortical representation 

It is difficult to produce isolated movements of the mm. orbicularis oculi 
or frontalis from cortical stimulation, but in 2 experiments we have seen 
them; usually the response is bilateral, occasionally only contralateral. In 
only one instance have we seen ipsilateral contraction of the lower facial 
musculature as the result of cortical excitation. In one experiment excitation 
of area 8 elicited a protraction of the contralateral pinna. 

The tongue, however, has extensive bilateral representation in the cere- 
bral cortex. Section of one hypoglossal nerve (6 experiments) causes only a 
moderate poverty of lingual movements. When the cerebral cortex contra- 
lateral to the section is stimulated, practically every movement of the tongue, 
deviation to both sides, rotation, protrusion, and rhythmical movements, 
may be elicited. The range of movement especially to the contralateral side 
is impaired and the denervated half of the tongue is only passively moved, 
but the response from ipsilateral cortical stimulation is still so rich that 
casual observers have suggested that the nerve section was incomplete. Sub- 
sequent section, however, of the second hypoglossal completely abolishes all 
lingual response from cortical stimulation. The ipsilateral responses may be 
just as readily obtained from area 4c as from areas 6a« and 6ba. 

Other effects from cortical stimulation 

Other responses to excitation of the cortical face motor area were care- 
fully observed. We have never seen pupillary alteration or eye movements 
although these often result from stimulation just anterior to the inferior pre- 
central sulcus in area 8. 

Inhibition. On numerous occasions we have attempted unsuccessfully to 
inhibit the artificially induced response by excitation of the opposite cerebral 
cortex. The usual effect of such simultaneous bilateral stimulation is to com- 
plicate the movement with a second component. This is particularly evident 
with comparable points producing lingual movements. In one experiment we 
have been able repeatedly to inhibit the rhythmical tongue movements elic- 
ited from area 6aa by stimulating the ipsilateral prefrontal granular cortex 
just anterior to the vertical limb of the inferior precentral sulcus (area 9c). 
We have also been able to inhibit the shivering under ether anesthesia by 
stimulation of areas 6ba and 6b/3. 

In one case in which the lateral three-fourths of the cerebral peduncle 
was sectioned (histologically verified) no effects were obtained from stimu- 
lation of the face area. Excitation of area 8 produced good eye movements, 
and excitation of the upper part of area 6aa gave good ipsilateral responses 
in both the upper and lower extremities but none in the contralateral ones. 
Inhibition of voluntary movements and of ether postures also followed stimu- 
lation of the anterior part of this area. 
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Vocal cord movements. Vocalization as the result of cortical excitation was 
elicited in only one experiment. Movements of the vocal cords, however, 
frequently followed excitation of area 6ba in the macaque. These may occur 
in the absence of respiratory change and are bilateral. 

Salivation. Frequently in the course of an experiment profuse salivation 
has been noted. Quantitative measurement proved impracticable and we can 
only say that excitation of the face motor area produces a definite augmenta- 
tion of salivation, area 6 being somewhat more efficacious than area 4. 

Epilepsy. Many investigators have noted that after prolonged excitation 
of the motor cortex, epileptic afterdischarge is frequent. We have had the 
privilege of stimulating several animals, previously used by Dr. H.D. Light 
in his studies on induced epilepsy. The tendency for an epileptic discharge 
to occur in these animals was so great that discrete responses could only be 
obtained by the use of liminal stimuli for 1-2 seconds; longer excitation even 
with these weak strengths produced an epileptic discharge. 

IV. Discussion 

The present investigation largely confirms the original studies of Cecile 
and Oskar Vogt. ls The division of the electrically excitable cortex, giving 
rise to cephalic movements, into areas having characteristic responses allows 
some insight into the function of the cerebral cortex. The proximity of the 
cortical areas concerned in the control of respiration, salivation and lingual, 
pharyngeal and laryngeal movements is evidence of nature’s economy. 
Through simultaneous integration of these autonomic and somatic processes, 
which are physiologically intimately related, the cortex maintains a harmoni- 
ous and well coordinated masticatory and deglutitory mechanism. Were not 
the respiratory movements so regulated, the danger of aspirating food would 
indeed make swallowing a hazardous process for the individual. 

Such an analytic study indicates some of the possible roles which each 
part of the motor cortex may take in the normal performance of the brain. 
The functional divisions of the cortex are so interrelated that the activity of 
one modifies that of the other. This interplay is a fundamental process which 
has developed through phylogeny with the progressive differentiation of the 
cerebral cortex. 

In rodents electrical stimulation of the cerebral cortex gives rise to rhyth- 
mical movements of the jaw and tongue but isolated single movements of 
the face or tongue are rarely seen. In these animals there is little cytoarchi- 
tectutal differentiation between the component parts of the excitable cortex. 
In the carnivora, although cortical development has proceeded, individual 
muscle responses are still rare. It is not until the motor and premotor cortex 
become distinct, as in the lower primates, that discrete movements are readily 
elicited. With further differentiation, such as that present in the higher an- 
thropoids and man, the generalized primitive response recedes and the 
discrete becomes more prominent. With this process of encephalization and 
cortical differentiation, a mechanism develops, as Foersteri and Fulton 7 have 
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emphasized, for the control and coordination of the activity of the differen- 
tiated motor responses. Subserving this function for the cephalic muscles is 
area 6aa (lower part). As has been shown, this area appears to operate 
through its adjacent cytoarchiteccural zones, in the absence of which it is 
unresponsive. It is this portion of the face motor area which shows the great- 
est development in phytogeny (compare Figs. 3, 4 and 5) reaching its acme 
in man. 

Summary 

1. The cytoarchitectural characteristics of the face motor area of the 
macaque monkey, baboon and chimpanzee are discussed, and their response 
to electrical stimulation described. 

2. From area 4, the characteristic response is a brief contraction of an 
individual muscle or group of muscles. 

3. Stimulation of area 6aa gives rise to rather complex movements of 
groups of muscles; removal of the adjacent areas abolishes the response. 

4. Rhythmical masticatory and deglutitory movements are obtained from 
stimulation of area 6ba; these responses are independent of the adjacent 
cytoarchitectural areas. 

5. Stimulation of area 6b/3 causes changes in the respiratory rhythm. 

6. There is extensive bilateral representation of the tongue in the cere- 
bral cortex. 

7. Vocal cord movements and sialorrhoea have been obtained from stim- 
ulation of area 6. 

8. The phylogenetic and physiological significance of these cortical re- 
sponses is discussed. 

It is a pleasure to acknowledge the generous suggestions and stimulating criticisms 
and encouragement given us by Professor John F. Fulton. We want also to thank Dr. D. 
Denny-Brown for his helpful advice during this research. 
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The effect of asphyxia on the spinal cord is sometimes lost sight of because 
of its more striking effects in relation to respiration. That asphyxia is a pow- 
erful stimulant to the spinal cord is well known to all who have worked with 
the spinal animal which exhibits violent convulsions as soon as artificial res- 
piration is discontinued. The violence of this stimulation and its sudden 
onset have tended to distract attention from the fact that in asphyxia, as in 
strychnine poisoning, there is a stage, preceding the convulsions, of simple 
facilitation or spread of reflex action, no movement occurring unless a sense 
organ or nerve is stimulated. The injurious effect of asphyxia on reflex arc 
conduction rather than this early beneficial effect, has been emphasized, fol- 
lowing Sherrington’s (1906) original statement of the greater dependence of 
the reflex than of a nerve trunk on oxygen. But loss of reflex irritability 
occurs only during the later stages of extreme asphyxia, while more moder- 
ate asphyxia must be a much more frequent condition among animals as 
they meet the emergencies of life. 

Moderate asphyxia of the spinal cord improves conduction and results 
in a spread of reflex activity. Sherrington (1909) in his early work on the 
spinal cat, found the scratch reflex more easily elicited under slight asphyxia. 
Graham-Brown (1909) confirmed this on the spinal guinea pig, and more 
recently Gesell and his co-workers (Gesell and Moyer, 1935; Winkler, 1929, 
1930; Glazer, 1929, and Gay, 1930) have reported that in various types of as- 
phyxia the reflex contraction of the dog’s tibialis anticus was higher than 
with an adequate oxygen supply. These results were not uniform however 
and in many instances asphyxia acted deleteriously on the reflex instead of 
beneficially. The whole dog was used, under morphine-urethane anaesthesia 
and the irregular results are doubtless in part due to the effect of the anaes- 
thetic. We think it likely that this anaesthesia, pushed to the surgical point, 
affected the spinal reflex threshold, for unpublished results show the delicate 
reflex preparation here used to be sensitive to much smaller morphine in- 
jections than required to act on the whole animal. 

Our evidence favors the view that only synaptic junctions or reflex cen- 
ters are involved when the reflex improves in slight asphyxia. (Gesell et al, 
believed nerve and muscle were also affected.) Observations were made on 
the spinal cat without anaesthesia and using a minute muscle as a delicate 

' Twlth the assistance of H. J. Frachtman in some experiments. 
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indicator of conduction in the reflex arc. Diminution of the oxygen supply 
to the cord, either by injection of cyanide or by increased intraspinal pres- 
sure, invariably caused a greater contraction due to an increase in the number 
of motor units involved, i.e., to a facilitation or improved synaptic conduc- 
tion. Further, this degree of tissue asphyxia had no detectable effect on the 
motor nerve or the muscle and by inference none on the sensory nerve, so 
the improvement was entirely due to spread of conduction within the "mo- 
toneurone pool” of the particular muscle concerned. Finally, the increased 
discharge of motor neurones is not due to asphyxial stimulation of them, but 
only to a facilitation of conduction, since no contraction occurs except as a 
result of sensory stimulation. 

Method 

The cat is etherized, carotids tied and brain destroyed, much as one would 
pith a frog (See Porter and Allamon, 1936). The cord also is pithed down to 
the lower thoracic region. The right hind leg is denervated and the tenuissi- 
mus muscle of the left leg is prepared for registration.* This muscle is so 
small in the cat that both as a nerve muscle and as a reflex preparation it 
can be made to show the contraction of individual motor units.! This has 
been described in a previous paper by Porter and Hart (1923) using optical 
recording. It has since been found possible to record the contraction of in- 
dividual motor units more conveniently with a long straw on a smoked drum. 

The muscle is exposed as previously described (Porter and Hart, 1923). A 
Harvard heart lever is cut to project 2 to 3 cm. on each side of the fulcrum 
and a light straw, 50 cm. long, is cemented on one arm for registration-! 
The other is bent at right angles to project into the wound and is fastened to 
the end of the muscle as it lies immersed in Ringer’s solution. The movement 
of the muscle is magnified about 15 times. The weight of the straw is the 
only tension on the muscle. 

With such a straw the friction of the pointer on the drum tends to pre- 
vent a proper return to the base line after a contraction. This difficulty is 
largely overcome by attaching a buzzer to the stand to which the lever clamp 
is fastened. The slight tremor of the straw reduces friction at the writing 
point and it returns properly to its original base line.§ 

The stimuli are break shocks from a large inductorium with the second- 
ary at a considerable distance from the primary. The primary current is 

* In a series of 81 cats used for various purposes in the last three years tenuissimus has 
been absent in 2 cats, too small to use by our methods in 4 cats, and present and usable in 
all the others.. Tenuissimus is also present in the dog. 

t Small tail muscles also show very distinct step-Uke all-or-none increments and decre- 
ments of contraction both as nerve-muscle and as tonus contractions (Porter 1929), but, 
of course, are not suitable for a problem such as the one described in this paper, since they 
do not respond to electrical stimulation of sensory nerves, but only to such stimulation 
as causes change in tonus. / 

J These have been obtained from wholesale florists as part of wheat sheaves used for 
Thanksgiving decorations. 

’ ’V — 1 • 1 v * do not know who first used it. The buzzer 

■' ' . ' : plugs into the regular 110-volt circuit. A 
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reduced to approximately 0.1 of an ampere and kept steady with resistance 
wire; and a uniform shock is obtained with a copper-mercury key. 

The shocks are applied to the posterior tibial nerve through a special 
liquid electrode which maintains uniformity (Porter and Allamon, 1936). 
The wound for exposing the tenuissimus muscle is arranged as a shallow cup, 
and the muscle immersed in Ringer’s solution. It is sometimes necessary to 
dust the wound edges with the difficultly soluble local anaesthetic, Anesthe- 
sin (Ethyl Aminobenzoate)* to eliminate reflex tremors. 



i ■ 




*' •.'**—** ^ |r t.y. «**•.£ - 

•• 





L u m i n a, 1 

r 



Z CC lee 

^ cc 


Fig. 1. Reflex contractions of tenuissimus muscle near the threshold. Contractions 
made up at first mainly of four motor units. (Some isolated contractions of a fifth.) 

Successive intravenous injections of 1.5 per cent pheno-barbital (luminal) threw one 
motor unit after another out of action in all-or-none steps with complete extinction of the 
reflex after the third dose. Sensory stimuli (break shocks to posterior tibial nerve) un- 
changed during the record. Stimulation 45 per minute. Record natural size. Contraction 
magnified on drum about 25 times. 

Since the tenuissimus originates from one of the vertebrae, it is impos- 
sible to prevent the movements of artificial respiration from causing slight 
undulations in the base line. To obviate an apparent variation in the height 
of the superposed contraction, the primary key is attached to the artificial 
respiration machine in such a way that a break shock is always given at 
the same point in the respiratory cycle. Reflex contractions, when recorded 
near the threshold, are seen to be of a few definite heights with no gradations 
between. As the stimuli are increased in strength the muscle contractions 
increase by definite steps (very clearly with optical recording, Porter and Hart, 
1923). In Fig. 1 the initial height of reflex contraction, produced mostly 
by four motor units, was reduced in four steps by intravenous injections of 
luminal as indicated. Such steps in contraction height are almost certainly 
caused by single motor units, or neuro-muscular squads (Porter, 1929), pass- 
ing into and out of action, and the record is thus an indication of the condi- 
tion of the motoneurone pool. This is isotonic registration of the same phe- 
nomenon demonstrated by Liddell and Sherrington (1923) in their well 

* In perhaps one in 15 animals we have found it impossible to control these tremors. 
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known isometric studies of reflex contractions of larger muscles. It is not sur- 
prising that the activity of individual motor units should be detectable by 
our methods, since approximately 150 tenuissimus muscle fibers are inner- 
vated by one motor axon (Adrian, 1925) and there are probably only about 
50 motor units in the entire muscle (Porter and Hart, 1923). Preliminary 
experiments indicate that the tibialis anticus shows the coarser features of 
the phenomena we shall describe, but the advantages of using the finer indi- 
cator — tenuissimus — are evident. 

Asphyxia of the cord has been produced in two ways: (1) by the injection 
of sodium cyanide, and (2) by increased intraspinal pressure, following Cush- 
ing’s technique for producing increased intracranial pressure (Cushing, 1901). 
These methods can easily be controlled and the latter has also the advantage 
of sharply localizing the asphyxia to the cord. 

Results 

Experiments with cyanide 

Cyanide acts by interfering with oxidizing enzymes so that the effect is 
that of oxygen want (Sollmann, 1936). Sensory stimulation was reduced until 
a few motor units, preferably only 2 or 3, contracted reflexly. 0.1 per cent 
sodium cyanide was rapidly injected into the external jugular vein, usually 
about 0.2 cc. corresponding to 0.1 mgm. per kgm. for the average cat. After 
a variable latent period (minimum 12 seconds), the height of contraction 
increases, often at first by only one or two steps, later by many. An example 
is shown in record A of Fig. 2. If a larger dose of cyanide is given, the con- 
dition passes into true convulsions which cannot be distinguished from those 
following strychnine injection. Cyanide is relatively rapidly altered in the 
body to the harmless thiocyanate (Sollmann, 1936) and within a short time 
after an injection, the contractions return to their original height. (Record 
B of Fig. 2.) We have usually allowed 10 or 15 minutes between injections, 
but a second can be effective 3 minutes after the first and possibly earlier. 

We have made 41 injections on 13 cats. In no animal has cyanide failed 
to cause improvement in reflex contraction. A few separate injections have 
failed, but this has been attributed to the dose being too small or the injec- 
tion too slow to reach effective concentration in the cord. Our minimal effec- 
tive dosage was 0.05 mgm./kgm. Winder, Winder and Gesell (1933) obtained 
an increase in respiration from intravenous injection of cyanide in anaesthe- 
tized dogs after carotid sinus and vagus nerves had been put out of action 
with a minimal dose of 0.03 mgm./kgm. It is somewhat surprising, perhaps, 
that an effect on the spinal reflex can be demonstrated with a concentration 
of cyanide so close to that affecting the respiratory center. 

Experiments with increased intraspinal pressure 

Cushing (1901) showed that increased intracranial pressure caused the 
blood vessels in the brain to diminish in size, sometimes to the point of 
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invisibility, with resultant symptoms of brain asphyxia. We have modified 
Cushing’s original method to limit sharply the asphyxia to the cord. A plug 
of fine-grained sponge rubber is forced into the neural canal in the neck and 
a hypodermic needle connected with a pressure bottle of Ringer’s solution is 
inserted either through the rubber plug, or more commonly between the last 
lumbar and first sacral vertebrae. The pressure bottle is then raised, usually 

A 




tl 


Fig. 2. Intravenous injections of cyanide in the spinal cat cause spread of reflex 
action within the reflex center, but not direct stimulation of motor neurones. 

Record A. Reflex contractions of tenuissimus. Break shocks to posterior tibial nerve 
45 per minute. Strength of shocks unchanged during the record. From 1 to 4 motor units 
(most frequently 2) in activity at first. At 6 an intravenous injection of cyanide, 0.4 
mgm./kgm. At 6a a spread of reflex activity to an increased number of motor units. Be- 
tween 7 and 8, and between 9 and 10, stimuli discontinued with resulting quiescence of 
the muscle, indicating that the cyanide has not been stimulating motoneurones directly, 
but facilitating reflex action. (The drop in base line following 6a is due to incipient con- 
vulsive movements in other parts of the body.) 

Record B. To show the temporary effect of cyanide. Forty -five minutes later than 
Record A. The reflex has returned to the contraction of mostly 1 to 3 motor units, as at 
the beginning of the experiment. 


rapidly, until an effect is produced on the height of the reflex contractions. 
Pressures used have varied from 70 to 150 cm. of water. Fig. 3 records the 
results of such a procedure with facilitated contractions appearing after a 
latent period of 24 seconds. The spread of reflex activity produced by in- 
creased intraspinal pressure is not a direct stimulation of motoneurones in 
the reflex center for contractions only follow reflex stimulation. This is shown 
in Fig. 4. 

The question arises as to whether the improvement in the contraction 
height of the tenuissimus might not have been due to some direct effect of the 
two procedures on the nerve-muscle mechanism instead of to a reflex facili- 
tation, as we have maintained. Winkler (1930) and Gay (1930) believed that 
injection of cyanide improved contraction by this means. Cyanide might con- 
ceivably do this, but it is not easy to see how an increased intraspinal pres- 
sure could improve nerve-muscle activity except by general changes in blood 
pressure. Actually, cyanide invariably lowered blood pressure (34 injections 
in 4 cats gave falls ranging from 4 mm. Hg. — initial pressure 35 — to 22 mm. 
Hg. initial pressure 57) and increased intraspinal pressure raised ft (33 
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tests on 3 cats ranged from 2 nun. Hg. rise — initial pressure 74 — to 76 mm. 
Hg. — initial pressure 74). One might imagine that the low pressure produced 
by cyanide was accompanied by vaso-dilatation in the muscle with improve- 
ment in contraction, or that the increased blood pressure following raised 
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Fig. 3. Increased intraspinal pressure in the spinal cat results in increased height of 
reflex contraction of the tenuissimus muscle. Single shocks to posterior tibial nerve, un- 
changed in strength during the record. Record natural size. Magnification of muscle con- 
traction about 15 times. Contractions at first involve 1 to 3 motor units, occasionally 
more. At 1 pressure bottle raised — height not noted — and bottle not lowered during the 
portion of record shown. At 2 the contractions involve additional motor units. Between 
3 and 4 spread of reflex action indicated by greater regularity of second motor unit. 

Fig. 4. The increased height of reflex contraction of tenuissimus muscle following 
increased intraspinal pressure is a facilitation, not a direct stimulation of motoneurones. 

Contractions at first involve 1 or 2 motor units. At 19 pressure bottle raised (amount 
not noted) and intraspinal pressure increased. At A spread of reflex action to third motor 
unit (unusually high in this animal) and greater regularity of second. Between 20 and 
21 the stimuli were discontinued, and reflex contractions ceased. Hence, intraspinal 
pressure was not stimulating motoneurones, but facilitating synaptic conduction. At 22 
bottle lowered. Record natural size. Magnification of muscle contraction about 25 times. 
(Undulations in base line due to artificial respiration.) 


intraspinal pressure led to a more rapid blood flow through the muscle, again 
with improvement in contraction. 

The question of a possible direct effect of these procedures on nerve or 
muscle has been tested by cutting and stimulating the sciatic at the origin 
of the nerve to the tenuissimus after obtaining effects on the reflex. As seen 
in Fig. 5, and all experiments give like results, a dose of cyanide which 
greatly increased reflex contractions had no effect when repeated while the 
cut motor nerve was stimulated with supraminimal shocks. 
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A similar procedure has been employed to show that increased intraspinal 
pressure does not result in changes in the nerve-muscle preparation (Pig. 
6). There is no improvement in contraction of the muscle when it is a part of 
a nerve-muscle preparation at least in the sense of new motor units entering 



Fig. 5. Injections of cyanide affect only the reflex, not the nerve-muscle preparation. 

Record A. Reflex contractions of tenuissimus from break shocks, 45 per minute, un- 
changed in strength during the record, applied to the posterior tibial nerve. Contractions 
at first mainly I motor unit high. At 1 an injection of sodium cyanide 0.05 mg./kgm. At 
2 reflex activity spreads to include three motor units. Between 3 and 4 spread has become 
so extensive that it often is impossible to say how many motor units are involved. Be- 
tween 4 and 5 the reflex contractions are involving again only 1 to 3 motor units, as at 
the beginning of the record. 

Record B. The tenuissimus has been made a nerve-muscle preparation. An injection of 
cyanide equal in amount to that of record A produces no change in the number of motor 
units in activity. (Record B 2 hours 15 minutes later than record A.) 


activity. In a few instances in nerve-muscle preparations the contraction of 
such motor units as were already in activity seemed improved following in- 
creased intraspinal pressure, never after injection of cyanide. This improve- 
ment is slight, occurs after the intraspinal pressure has been returned to nor- 
mal, and is presumably referable to the increased blood pressure, but we have 
no data on that point. 
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In the present state of knowledge with regard to phenomena occurring 
within the spinal cord (cf. Forbes, 1936), it is, perhaps, futile to speculate 
on how asphyxia of the cord operates to cause spread of reflex action. It is 
not obvious how a neuro-humor within the center would be chemically 



Fig. 6. Increased intraspinal pressure in the spinal cat improves reflex contractions 
only and has no effect on the nerve-muscle preparation. 

Record A. Reflex contractions of tenuissimus with 1 to 3 motor units in activity at 
first. Between "on” and "off” the intraspinal pressure was increased, causing transient 
spread of activity to more motor units. On removal of increased intraspinal pressure re- 
flex promptly returns to approximately the original height. 

Record B. Tenuissimus now a nerve muscle preparation with only one motor unit in 
activity. Increased intraspinal pressure between the arrows had no effect on the height 
of contraction. 

Record C. Same conditions as B, but the intraspinal pressure carried to a point such 
that convulsive movements elsewhere in the animal, indicating asphyxial effects on the 
cord, caused a rise in base line of the tenuissimus nerve-muscle preparation, but there 
is no change in height of tenuissimus contractions measured from this base line. Stimu- 
lation unchanged during each record. Magnification of contraction on drum about 15 
times. 


changed or cell surfaces at synaptic junctions be altered by oxygen lack. It 
is interesting, however, in this connection that Brinley (1928) finds that 
cyanide paralyzes ameba only when applied to the surface, not when injected 
into the protoplasm. But in any event, it seems clear that facilitation occurs 
in consequence of slight asphyxia of the cord, and it would appear that in 
formulating a theory of the nature of synaptic conduction this fact should 
not be lost sight of. 
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Summary and Conclusions 

(1) A method is described by which the reflex contractions of the tenuissimus 

muscle in the spinal cat are used as an indicator of the state of activity 
of its reflex center. 

(2) This indicator is so delicate that the entrance into or exit from activity 
of individual motor units can be seen. Depression in the center is shown 
by a diminution of the number of motor units in activity; facilitation 
by an increase. 

(3) Slight asphyxia, caused by the intravenous injection of sodium cyanide, 
increases the number of motor units responding to the same strength of 
sensory stimulus as before. 

(4) The increased response is not a direct stimulation of motoneurones be- 
cause no contraction occurs if sensory stimulation is discontinued during 
the period of increased contraction. 

(5) Asphyxia, produced by increased intraspinal pressure, acts similarly. 

(6) Both procedures cause changes in blood pressure in the spinal cat — 
cyanide a lowering and increased intraspinal pressure a rise. 

(7) Neither injections of cyanide nor increased intraspinal pressure cause 
new motor units to enter into the contraction when the tenuissimus is 
used as a nerve-muscle preparation. 

(8) It is concluded that the first effect of asphyxia, whether produced by 
the injection of cyanide or by increased intraspinal pressure, is the facili- 
tation of reflex action, as shown by the spread of activity within the re- 
flex center to motor units which were formerly not in activity. 
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Introduction 

The optic thalamus is the last subcortical relay-station for all corticipetal 
sensory! systems. From its lateral, ventro-lateral and ventral nuclei origi- 
nate the thalamo -cortical neurons to terminate in the sensory cortex. How- 
ever, these nuclei are connected with the sensory cortex not only through 
these corticopetal fibers but also through innumerable corticofugal neurons, 
beginning in the sensory cortex and ending in these very same thalamic 
nuclei. 8 These two-way connections indicate a close functional interrelation 
between thalamus and sensory cortex. This interrelation was proposed first 
in 1911 by Head, 6 who, to explain the spontaneous pains and hypersensitivity 
of the skin freqently a component of the "thalamic syndrome,” advanced the 
hypothesis that cortico-thalamic impulses inhibit thalamic activity. On the 
basis of his experiments with local strychninization of the monkey’s cortex 
Dusser de Barenne in 1924 1 advanced two hypotheses, 1. that such strychnini- 
zation "sets on fire” a much larger portion of the sensory cortex than the 
area strychninized, 2. that under these conditions the corresponding thalamic 
nucleus also is "fired” (l.c. p. 285 et seq.). The first of these hypotheses has 
been verified and amplified recently. 4 In this paper we bring the verification 
of the second hypothesis. 

Inasmuch as the local strychninization§ anywhere in the sensory cortex 
produces "strychnine-spikes” in the electrocorticogram (ECG) of function- 
ally related areas, 4 it was plausible to expect that the same local strychnini- 
zation of this cortex might also "fire,”i.e., produce strychinine-spikes in the 
electrothalamogram (ETG) of the related thalamic nucleus or nuclei. If 
this surmise proved to be correct, one would have here a physiological method 
for the investigation of the direct cortico-thalamic functional relations. To 
attack this problem it was necessary to know in which thalamic nucleus or 
nuclei the face, arms and legs are represented sensorially, i.e., to know the 


* Aided by a grant from the Fluid Research Funds of the Yale University School of 
Medicine. 

f The main result of this investigation was first presented as part of a symposium on 
"The Cerebral Cortex and Behavior” before the Section on Psychology of the Amer. Assoc, 
for the Advancement of Science at its Atlantic City Meeting, December 30, 1936. See 
Amer. J. Physiol., 1937, 119: 263 and Communications XI. Congres international de 
Psychologie, Paris, July 1937. ..... , .. 

J In this paper the term "sensory” is applied to all nervous structures mediating sensa- 
tion (exteroceptive, proprioceptive — perhaps interoceptive), other than vision, audition, 
olfaction and gustation. , 

§ With local strychninization is meant that the strychnine solution is applied to a lew 

square millimeters of cortex. 
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functional localization in the thalamus of the monkey. This localization was 
established in 1934-1935 by intrathalamic strychninization, in combination 
with "clinical” observation of the ensuing sensory disturbances. 8 

Once this functional localization was known the experiments to be re- 
ported in this paper were, in principle, very simple: concentric needle-elec- 
trodes were introduced into a particular nucleus of the thalamus and the 
ETG recorded before and after the local strychninization of the various sub- 
divisions of the sensory cortex. 

These experiments have established the following, direct functional rela- 
tion of the sensory cortex to the thalamus: each thalamic nucleus is ''fired” 
by the local strychninization of that, and only that, subdivision of the sen- 
sory cortex which subserves sensation of the same part of the body. 

A second group of experiments in which the ECG of the various sub- 
divisions of the sensory cortex was taken before and after intrathalamic 
strychninization, has shown the following direct functional relation of the 
sensory nuclei of the thalamus to the sensory cortex: the injection of strych- 
nine into any particular sensory thalamic nucleus "fires” that, and only that, 
subdivision of the sensory cortex which subserves sensation in the same part 
of the body. 

METHOD 

All experiments were performed on Macaque monkeys (macaca mulatta), fully an- 
aesthetized with Dial (Ciba)*, 45 cc. per kilogram body weight, part of the dosis given 
mtraperitoneally, part of it intramuscularly Then the animal was tied down upon the 
opera ting- table with its head fixed in a special headholder 3 so that the head was 
oriented in a definite, constant position in space One senson motor cortex was then ex- 
posed, and with the micro-injection apparatus of Dusser de Barenne and Sager 23 
concentric needle electrodes mounted on the barrel of a tuberculine synnge, were intro- 
duced into the desired thalamic nucleus The needle-electrodes consisted of a hypodermic 
needle (gauge no 25) , with its tip ground off conically, through which passed the central 
wire electrode insulated to its tip The central electrode protruded about mm beyond 
the circumferential one For recording the ETG the needle electrodes were connected to 
a D C amplifier and cathode ray oscillograph After taking the normal ETG the three 
subdivisions of the sensory cortex were locally strychnimzed, seriatim, ending with the 
subdivision functionally related to the thalamic nucleus into which the needle had been 
introduced An ETG was taken after each strychninization The experiment was repeated 
on the opposite hemisphere Then the animal was killed by injection of 100 cc of 15% 
formalin into each of the carotids Half an hour later the brain was removed and placed 
in formalin, 15-20 hours later the brain was sectioned (in the frontal plane) m slices 2 mm 
thick and thus the location of the needle in the thalamus identified In the second group 
of experiments the ECGs were taken simultaneously with bipolar electrodes from the 
various subdivisions of the sensory cortex (A C amplifiers, 4 element "Westinghouse oscil- 
lograph), before and after intrathalamic strychninization This was performed as de- 
scribed by Dusser de Barenne and Sager 3 

The nomenclature of the thalamic nuclei used here, as in the paper by Dusser de 
Barenne and Sager, is that of G Vogt 9 and Fnedemann s This choice is purely for 
the practical reason that these authors have provided the most complete senes of illus- 
trations of the cercopithecus’ thalamus There is no objection against this choice for the 
expenments on the macaque’s brain since Le Gros Clark and Boggon 7 have found that 
"the cytoarchitecture of the thalamus of Macaca corresponds extremely closely with 
that of Cercopithecus as described and figured by Fnedemann (1911-12) ** For the desig- 
nation of the vanous cortical areas used here we refer to a previous paper * 

* The Dial was kindly put at our disposal by the Ciba Co. 
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Results 

We shall begin with two experiments on nucleus Vb, in which the face 
alone is represented sensorially . 3 

Protocol of an experiment with strychninization of the postcentral cortex. 

November 18, 1936. Macacus, 2.82 kg. 

9.00 a.m. — 1.3 cc. Dial (3 of the dose intraperitoneally, -3 intramuscularly). 

Exposure of right hemisphere. Concentric needle-electrodes into thalamus by transverse 
route, intended to reach nucleus Vb (face-nucleus), inclination 35°, depth 16 J mm. Cen- 
tral electrode to grid of amplifier, circumferential electrode (needle proper) to cathode. 



6 



Fig. 1. Experiment of November 18, 1936. Macaque monkey. Dial narcosis. Elec- 
trothalamogram (ETG) recorded from nucleus Vb (face-nucleus). Record 1 — control. 
Record 2 — 10 minutes after strychninization of postcentral leg-area. Record 3 — 10 min- 
utes after strychninization of postcentral arm-area. Record 4 — 13 minutes after strych- 
ninization of postcentral face-area. Only in record 4 ETG shows "firing” of face-nucleus. 
Amplification in all records the same. Diagram indicates location of the 3 strychnine- 
applications and the site of entrance of the needle (x). The stippled lines indicate the 
boundaries between leg- and arm- (L and A) and arm- and face-subdivisions (A and F) 
of the exposed portion of the sensory cortex. Broken line indicates edge of opening in 
dura. S.c. =sulcus centralis; s.ip. =sulcus intraparietalis; f.S. =fissura Sylvii, s.arc. =sul- 
cus arcuatus; s. pr. =sulcus principalis. 
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D.C. amplifier in combination 'with cathode ray oscillograph. Cambridge moving paper 

camera. 

10.55. Record 1 (Fig. 1) taken with lowest amplification. 

10.57. Strychninization of postcentral teg-area by applying across its width an oblong 
piece of filter paper, moist with 3 percent strychine-solution (dimensions of filter 
paper 1X3 mm.). 

11.07. Record 2 (Fig. 1) taken. 

11.11. Strychninization of postcentral arm-area by application of a similar strip of filter 
paper to lower half of postcentral gyrus, parallel to central sulcus. 


1 1 








Fig. 2. Experiment of November 23, 1936. ETG of nucleus Vbi (face-nucleus) of 
thalamus of macaca mulatta (Dial-narcosis) before (record 1) and after (records 2, 3 and 
4) local strychninization of precentral sensory cortex, leg-, arm- and face-areas respec- 
tively. No apparent change in ETG of records 2 and 3 compared with that of record 1; 
definite "firing” in ETG in record 4, i e., 11 minutes after local strychninization of pre- 
central face cortex. 

11.21. Record 2 (Fig. 1) taken. 

11.23. Strychnine applied to postcentral face cortex. 

11.36. Record 4 (Fig. 1) taken. 

Autopsy: end of needle-track in nucleus Vb at level of Vogt*s plate no. 5 9 -*. 

In the following experiment the strychninizations were performed on the 
precentral sensory cortex. 

November 23, 1936. Macaca mulatta. 2.80 kg. 

9.15 'a.m. 1.3_cc. Dial(f of dose intraperitoneally, 1 intramuscularly). 
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11.30. Animal not fully under. .1 ce Dial intramuscularly. 

2.00 p.m. Animal completely anaesthetized. 

2.16. Exposure of right hemisphere. Concentric needle-electrodes into thalamus via 
transversal route, intended for nucleus Vb; inclination 35°, depth 201 mm. 

2.19. Record 1 (Fig. 2) taken (amplification 3). 

2.21. Strychninization of precentral leg-area, with filter paper 1 X3 mm. 

2.32. Record 2 (Fig. 2) taken (same amplification as before). 

2.331. Strychninization of precentral arm - area 4 with filter paper 1 X3 mm. 

2.40. Record 3 (Fig. 2 ) taken (same amplification). 

3.09. Strychninization of precentral face cortex with filter paper (1 X3mm.) moistened 
with 3 per cent strychnine solution. 

3.20. Record 4 (Fig. 2) taken (same amplification as before.) 

November 24. Autopsy : needle-track ends in plane between C. Vogt’s plates 5 and 6 in 
nucleus Vb 2 . 

From these two and similar experiments it follows (1) that the local 
strychninization of the face-subdivision of the sensory cortex results in typi- 
cal changes in the ETG of the face-nucleus (Vb); (2) that the local strych- 
ninization of any portion of the two other subdivisions of the sensory cortex 
does not produce any changes in the ETG of this nucleus; (3) that this 
nucleus is "fired” by the local strychninization of the precentral as well as 
of the postcentral portion of the face-subdivision of the sensory cortex. 

The same obtains for the arm- and leg-nuclei, i.e., that each is "fired” 
only by the local strychninization of the pre- or postcentral portion of the 
subdivision of the sensory cortex corresponding to it. 

There is one point which needs further elucidation, namely the apparent 
contradiction which was mentioned in our paper on "functional organization 
in the sensory cortex of the monkey” (4, p. 83). There it was reported that 
strychnine-spikes appear in the ECG of both the leg- and arm-subdivisions 
of the sensory cortex upon local strychninization of either L.6a or A. (5a. 
Those observations have shown that so far as this distribution of the strych- 
ninespikes in the cortex is concerned no functional boundary exhibits itself be- 
tween L.6a and A.6a. However, the contrast between this absence of the func- 
tional boundary, so far as the ECG in concerned, and its presence in regard 
to the symptoms of sensory excitation upon local strychninization of these 
same areas is not a contradiction, for the ECG expresses the activity of the 
cortex at that level of the CNS, whereas the symptoms of sensory excitation 
depend upon lower levels, notably the sensory nuclei of the optic thalamus, 
upon which converge all sensory impulses from the periphery of the body. 
At present we know that local strychninization of the sensory cortex "fires 
the sensory nuclei of the thalamus, and in this respect one finds a definite 
functional boundary between L.6a and A.6a, for the leg-nuclei are ' fired 
by local strychninization of L.6a, but not by that of A.6a, whereas the arm- 
nuclei are "fired” by local strychninization of A.6a, but not by that of L.6a. 
The following protocol serves as an illustration. 

November 30, 1936. Macaca mulatta. 3.38 kg. 

9.10. 1.52 cc. Dial (5 of dose intraperitoneally, i intramuscularly). 

10.00. Animal completely under. 

10.02. Exposure of right hemisphere. . . 

10.05. Concentric needle-electrodes into thalamus via transversal route. Intention 
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reach the dorsal portion of one of the arm-nuclei, lblV or lbl (C Vogt), inclina- 
tion 33°, depth 19 mm. 

10 25. Record 1 (Fig. 3) taken (control) and then a series of records from various areas 
of the leg- and arm-subdivisions of sensory cortex 
10 37 Local strychmmzation (1X3 mm ) of leg area 6a (L 6a) 

10 44 Record 2 (Fig 3) taken with same amplification as in record 1 Subsequently a 
senes of records from vanous areas of sensory cortex was taken (L 6a, L 4, L 2, 
A 6a, A 4, A 2, L 6a) * Needle left in thalamus until afternoon 
2 31 Record 3 (Fig 3) taken as a control 
2 40 2 Local strychmmzation of arm-area 6a (A 6a) 

2 45 Record 4 (Fig. 3) taken, followed by recording of ECG of vanous areas of the 
leg- and arm-subdivisions * 

December 1 

Autopsy End of needle track in dorsal portion of nucleus lbl (Vogt’s plate 6 (arm nucleus)) 
Conclusion local strychmmzation of L 6a did not "fire” this nucleus, whereas local strych- 
mmzation of A 6a promptly "fired” this nucleus Following the strychmmzation of L 6a 
(morning) and that of A 6a (afternoon) both entire leg- and arm subdivisions were 
"fired ” 




Fig 3 Experiment of November 30, 1936. ETGs of nucleus lbl (one of the arm- 
nuclei) of macaque’s thalamus Dial-narcosis Record 1 taken before, record 2 after local 
strychmmzation of L 6a No change in ETG Record 3 taken before, record 4 after local 
strychmmzation of A 6a Prompt ’’firing” of nucleus lbl The entire leg- and arm subdivi- 
sions were fired by each of the two strychnimzations 

The second group of experiments mentioned above rounds out the picture 
of the direct functional interrelation of sensory cortex and thalamus In these 
experiments mtrathalamic strychnine-injections were performed, using the 
micro-injection technique described previously, 2 3 and recording the ECG 
of various areas of the three subdivisions of the sensory cortex. The essential 
result in this group was that the injection of strychnine into any particular 
sensory nucleus of the thalamus "fired” that, and only that, subdivision of 
the sensory cortex, both precentral and postcentral, which subserves sensa- 
tion in the same part of the body. This result must be interpreted as showing 
that in each particular nucleus of the thalamus, let us say, m each arm-nu- 
cleus originate thalamo-cortical neurons to terminate in the vanous areas of 
the arm-subdivision, and only of the arm-subdivision, of the sensory cortex; 
thus the strychninization of the perikarya of these neurons "sets on fire” 
the various areas of the arm-subdivision of the sensory cortex. The same re- 

* This part of the protocol considerably reduced 
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lation obtains between the leg- and face-nuclei of the thalamus and the leg- 
and face-subdivisions of the sensory cortex respectively. 

Finally it must be stated that (1) local strychninization of white matter 
(e.g., corona radiata, internal capsule, corpus callosum) in our experience 
never "fires” grey matter; (2) local strychninization of masses of grey mat- 
ter having no direct corticipetal connections with the sensory cortex (e.g., 
nucleus caudatus, medial nuclei of the thalamus) never "fires” this region 
of the cortex. 

Discussion 

Apart from the results, reported above, to which we shall return below, 
these experiments provide a check upon the extent, location and subdivision 
of the sensory cortex on the outer surface of the macaque’s brain, 1 and upon 
the functional identification of the macaque’s sensory nuclei in the thalamus. 3 
In this connection two crucial findings should be reported here: 1. local strych- 
ninization without the sensory cortex never "fired” the face-, arm- or leg- 
nuclei of the thalamus; 2. local strychninization anywhere within the sensory 
cortex never "fired” the medial nuclei of the thalamus (mag, mapt, mapl, 
maga, magp, ma). 

Together, all the results of the present investigation are in entire har- 
mony with the results of the previous work and complete the confirmation 
of the two hypotheses advanced in 1924 1 to explain how strychninization of 
only a few square millimeters of the sensory cortex induces symptoms of sen- 
sory excitation in a large portion of the body. That local strychninization of 
grey matter in the CNS with recording of the electrical activity of grey mat- 
ter in the CNS reveals directed functional relations has been shown in a pre- 
vious paper. 4 Therefore, the only construction which can be put on the facts 
here established by physiological methods is that there exist between the 
sensory cortex and the sensory nuclei of the thalamus directed functional 
relations: 1. from each subdivision of the sensory cortex to, and only to, the 
corresponding sensory thalamic nucleus or nuclei, 2. from each sensory tha- 
lamic nucleus to, and only to, the corresponding subdivision of the sensory 
cortex. This is schematized in Fig. 4. 

The three principal features in this diagram are: 

1. the essential similarity of the three sensory systems for face, arms and 
legs; 

2. that each system after reaching the cortex feeds back into the thala- 
mus; 

3. that throughout the entire course of these three systems functional 
boundaries are maintained. 

The diagram shows these boundaries only for one frontal plane, but it 
must be pointed out that they are present throughout the entire fronto- 
occipital extent, both in the thalamus and in the cortex. Thus the boundary 
indicated in the diagram between the leg- and arm-subdivisions of the sen- 
sory cortex extends all the way from the interparietal sulcus to the anterior 
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margin of area 6a, as represented in the diagrams of the extent, location and 
subdivision of the sensory cortex previously given 1 1 

The apparent contradiction mentioned on p. 180 leads to an important 
pomt. Two observations are relevant here: 

X, So far as the cortical distribution of the strychnine-spikes in the leg- 
and arm-subdivisions upon local strychmmzation of L.6a or A.6a is con- 
cerned, no functional boundary between the two subdivisions exhibits itself. 



Fig 4 Diagrammatic representation of the organization of the three main sensory 
systems (for the legs, arms and face) All mternuncial neurons between the subthalamic 
sensory neurons and the thalamo cortical neurons have been omitted, to simplify as much 
as possible the diagram 

2. Notwithstanding the fact that both entire leg- and arm-subdivisions 
of the sensory cortex are "fired” by local strychninization of either L.6a or 
A 6a, an animal, when "clinically” observed (without narcosis), discretely 
refers lu's symptoms of sensory excitation (paraesthesiae, hyperaesthesia and 
hyperalgesia) to the legs, and only to the legs, after local strychninization of 
L 6a, and conversely to the arms, and only to the arms, after local strychnini- 
zation of A.6a. 

These observations throw new light on the observation of Dusser de Ba- 
renne and Sager that the symptomatology after local intrathalamic strych- 
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ninization in the acutely and totally decorticated cat was indistinguishable 
from the symptomatology in the animal with cortex intact. From that ob- 
servation the authors concluded that in the case of strychninization of the 
thalamus "the sensory cortex plays no role in the elaboration of the ensuing 
sensory disturbances” (2, p. 246). 

In this respect the cortex is (in the cat) not only unnecessary but is even 
unable (in the monkey!) to distort the distribution of the sensory disturb- 
ances determined by the hyperactive thalamic nucleus or nuclei. The func- 
tional boundaries remain. For the "firing” of the two entire leg- and arm- 
subdivisions of the sensory cortex by local strychninization within either 
L.6a or A.6a does not deter the animal from projecting his sensory disturb- 
ances discretely upon that part of the body subserved seasonally by the 
particular thalamic structure "fired” by the feed-back from the strychnin- 
ized cortical area. 

It follows that the part of the body to which the animal refers his symp- 
toms of sensory excitation is determined not by the subdivision or subdivis- 
ions of the sensory cortex "fired,” but by the thalamic nucleus or nuclei 
"fired” by the direct feed-back from the strychninized area of the sensory 
cortex. 

Thus, though both hypotheses advanced by Dusser de Barenne in ex- 
planation of his observations in 1924 have been substantiated, the second 
hypothesis, namely that local strychninization of any subdivision of the sen- 
sory cortex "sets on fire” the corresponding thalamic nucleus or nuclei, is 
evidently the crucial one. For all these observations and considerations imply 
not only the predominance of the thalamus in sensation, but that this last 
subcortical sensory station determines the reference of sensation by the in- 
dividual, even contrary to coexisting cortical activity. 

We must now discuss briefly the hypotheses of Head and Holmes 6 con- 
cerning the functional interrelation of the thalamus and cortex in the pro- 
duction of sensation. 

In then well-known diagram (6, p. 172) they represent an internuncial 
neuron from the ventro-lateral region of the thalamus to the medial nuclei, 
which they regard as the "essential center” of the thalamus. The cortico- 
thalamic neurons ending in the ventro-lateral region of the thalamus exert, 
according to Head and Holmes, an inhibitory influence upon this region of 
the thalamus. They assume that with interruption of these cortico-thalamic 
fibers the activity of the thalamus is released from its normal cortical res- 
straint, and that the afferent impulses, reaching the ventro-lateral region of 
the thalamus, flow over uncontrolled to the medial thalamic region, which 
"is the centre of consciousness for certain elements of sensation” (l.c. p. 181), 
"mainly occupied with the affective side of sensation” (l.c. p. 180). 

T his attractive conception, however, is open to criticism. Although in the 
cat the medial nuclei are endowed in some way with sensory functions-, 
this is not so in the monkey 3 . Apparently in this respect evolution of 
thalamic structures and functions has resulted in a definite shift. It is highly 
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improbable that in the evolution of the human brain phytogeny should have 
reversed itself, backward toward the stage of the cat instead of onward from 
the stage of the monkey. In the second place the inhibitory function of the 
cortico-thalamic pathways is by no means established; in fact it was and is 
purely hypothetical. In all experiments presented here the strychninization 
of a number of the cells of origin of these cortico-thalamic neurons in the 
sensory cortex resulted in a "firing” of the corresponding thalamic nuclei, 
just as, in the earlier experiments of Dusser de Barenne 1 , it resulted in symp- 
toms of sensory excitation. These are results which are the reverse of what 
could he expected on the basis of the hypotheses of Head and Holmes. Yet 
there may be some truth in them, for we have found that the local strych- 
ninization of two particular regions, areas 4-s and 1, of the monkey’s sensory 
cortex results in a temporary suppression of the electrical activity of area 
4 4 , However, this suppression in the case of area 4-s does not depend upon 
the direct cortico-thalamic connections which Head and Holmes had in mind 
and with which the present paper dealt. This suppression involves indirect 
cortico-thalamic relations and must be taken up in a subsequent paper. 

Summary 

The present paper deals with two groups of experiments; 

1. the effect of local strychninization of the sensory cortex upon the elec- 
trical activity of the optic thalamus, i.e., upon the electrothalamogram (ETG), 

2. the effect of local strychninization of the sensory thalamic nuclei upon 
the electrical activity of the sensory cortex, i.e. upon its electrocorticogram 
(ECG). 

In the first group with local strychninization of the cortex it was found 
that each thalamic nucleus is "fired” from that, and only that, subdivision 
of the sensory cortex, subserving sensation in the same part of the body. In 
the second group of experiments it was found that local strychninization of 
any particular sensory thalamic nucleus "fires” that, and only that, subdivi- 
sion of the sensory cortex which subserves sensation in the same part of the 
body. 

Sharp functional boundaries exhibit themselves between the adjoining 
sensory systems. 

The discussion indicates the significance of these observations in regard 
to the dominance of the thalamus over the sensory cortex in sensory dis- 
turbances, even when initiated by excitation from the sensory cortex. 
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The minimal duration of the synaptic delay of ocular motoneurons has been 
determined (1935a) with sufficient accuracy, but considerable dificulties have 
been found in measuring its maximal duration. Experimental results (1935d) 
indicated that the maximal delay is not much longer than the minimal delay, 
and that the expected small variations could scarcely be measured in the 
original preparation, in which the responses were recorded from the internal 
rectus muscle (1935d, p. 527). A sufficient degree of accuracy has now been 
attained by recording the responses from the trochlear nerve. 

Eccles (1936, 1937) has shown that the synaptic time in the superior cer- 
vical ganglion also is rigidly fixed within narrow limits, but it may be slightly 
shortened by creating facilitation or it may be lengthened by setting up re- 
fractoriness of the ganglion cells. Although in a different time scale, identical 
results are obtained with the trochlear motoneurons. 

TECHNIQUE 

The observations here reported have been made on the oculomotor preparation o{ 
the rabbit (1935a, 1938a), the responses being recorded from the trochlear nerve. The 
synaptic delay is calculated by subtracting from the total latency of the F response 0.7 
msec., which is the conduction time of the impulses from the F electrodes to the motoneu- 
rons, plus the conduction time from the motoneurons to the recording electrodes. The 
latter can be determined with sufficient accuracy by stimulating the motoneurons with 
short induction shocks, but the former must be estimated. Since the F electrodes are placed 
at about 10-15 mm. from the motor nucleus, the possible error is of the order of 0.1 msec.; 
for this reason two figures (0. 5-0.6 and 0.8-0. 9) are given for the durations of the extreme 
synaptic delays; the true value is doubtless within the range of these figures. 

Results 

Delivery of a shock through the F electrodes causes the arrival to the 
motoneurons ( M . N., Fig. 1, 1) of an initial volley of impulses if) followed by 
a series of volleys delayed during their passage across intemuncial neurons 
(i). The temporal course of the arrival of the impulses is indicated in Fig. 1, 

II. 

A number of motoneurons respond to the f impulses and eventually other 
motoneurons respond to the i impulses. The latency of the / wave (Fig. 4, /) 
is equal to the synaptic delay at the motoneurons, plus conduction time in 
the f fibers and in the motor nerve. The latency of the i wave includes in 
addition the synaptic delay at intemuncial neurons. The appearance of the 
i wave depends on a number of conditions, among them being the state of 

* The experiments reported in this paper were carried out at the Central Institute for 
the Deaf. St. Louis, Mo„ and were aided by a grant from the Rockefeller Foundation. 
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the preparation, which determines 
the amount of tonic internuncial 
bombardment of the motor nucleus. 
Thus in the experiment illustrated 
by the records of Figs. 2 and 4, at 
the start the response contained 
only an / wave (Fig. 2, 7, 8), while 
later (Fig. 4, 3, 6, 13) the i wave was 
almost as large as that of f. 

The f wave, although of very 
short duration, is not a synchronous 
spike, which indicates the existence 
of slight differences in the delays at 
the individual motoneurons, there 
being a convincing reason to believe 
that the neurons with the longer 
synaptic delays are those stimulated 
at or only slightly above threshold. 
If the F shock is weakened (Fig. 2, 
7, 8) the latency of the responses in- 
creases slightly or at least its crest 
appears later. The differences be- 
tween the maximal and the minimal 
synaptic delays in submaximal re- 
sponses, such as that in Fig. 2, 8, is 
doubtless not greater than 0.2 msec., 
and consequently the longest syn- 
aptic delay in these responses may 
be calculated at 0.8-0.9 msec. This 
also may be regarded as the maxi- 
mal synaptic delay at trochlear 
motoneurons, because the responses 
in record 8 include a number of 
motoneurons stimulated at thresh- 
old. However, this statement, al- 
though valid for the majority of the 
motoneurons in the nucleus, may 
not be applicable to all the moto- 
neurons, because the action poten- 
tials of the smallest axons in the 
trochlear nerve scarcely would be 
detectable at the amplification used 
for obtaining the records shown in 
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Fig. 1. Diagrams explaining the con- 
ditions of stimulation of the ocular mo- 
toneurons by delivery of shock through 
the F electrodes (cf. 1938b, Figs. 1 and 2). 

I. f t , ft, f : , fibers of the posterior longi- 
tudinal bundle; i u in, it, internuncial 
neurons, each cell actually representing a 
chain of neurons (1938b, Fig. 3). M.N., 
motoneuron with synaptic knobs, 

II. A maximal shock capable of stim- 
ulating fibers fi, ft, and ft causes the 
arrival to the motor nucleus of an initial 
volley of impulses (f\ +/« +7) followed by 
volleys of internuncial impulses (i'i+i's 
+ i 3 ). The ordinates indicate the number 
of impulses, the abscissae the time of 
arrival, measured from the start of their 
spike potentials. 

III. IV, and V. The maximal shock is 
preceded at the intervals 0.8, 0.3 and 0.48 
msec, by a smaller shock capable of stimu- 
lating fiber /j only. It is assumed that the 
refractory period of all / fibers is 0.52 
msec. For the sake of simplicity it is as- 
sumed that the i volleys are not increased 
by facilitation. 


Fig. 2. 

A more conclusive proof of the existence of an upper 


limit for the dura- 
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tion of the synaptic delay is derived from the study of its lengthening during 
refractoriness (cf Eccles, 1937) due to penetration of an antidromic impulse 
into the soma of the motoneurons When a shock is delivered to the motor 
nerve at progressively decreasing intervals before the testmg F shock (Fig 
3, 1 to 9), the response is seen to decrease in size at the same time that its 
latency mcreases However, the height drops 
much faster and the response disappears be- 
fore the latency has increased by more than 
0 2 msec (cf records 1 and 8 in Fig 3) It 
is remarkable that the maximal value of the 
synaptic delay of the f response to weak 
stimuli is equal, as near as it can be meas- 
ured, to the delay of responses to strong 
stimuli elicited during refractoriness 

This seems to estabhsh a definite rela- 
tionship of the synaptic delay, on the one 
hand, to the strength of the stimulus, and 
on the other hand, to the threshold of the 
motoneuron Reduction of the strength of 
the stimulus, i e , decrease of the number of 
activated synapses, or the raising of the 
threshold of the motoneuron causes length- 
ening of the synaptic delay, and although 
the variation is small it may have theoretical 
significance 

However, it must be admitted that the 
experimental evidence is not entirely con- 
clusive The fact that refractory motoneu- 
rons respond demonstrates that when their 
threshold is normal, the synaptic stimulus is 
supermaximal, i e , that a number of syn 
aptic knobs larger than the necessary mini 
mum is activated Since the / volley is not 
perfectly synchronous, the possibility ex- 
ists that during refractoriness the initiation 
of the impulse takes place in a zone of the 
soma located under knobs receivmg late f impulses or creatmg an excitatory 
process of longer duration than the shortest (cf 1938a) 

The synaptic delay of responses to shocks of about twice threshold strength 
cannot be shortened m an appreciable manner by further strengthening of 
the shock, even if it is accompanied by a substantial increase m the number 
of responding motoneurons But facilitation due to previous stimulation may 
shorten the latency, although by not much more than 0 1 msec This is well 
shown by records S and 9 of Fig 2 and records 12 and 13 of Fig 4 Records I 
to 7 of Fig 2 demonstrate that during the period of facilitation the shorten- 



lmsec. 

Fig 2 Oculomotor preparation, 
responses recorded from the troch 
lear nerve (2 7 36) Testmg shock 
(F2) 300 per cent stronger than the 
conditioning one (FI), for records 
8 and 9 shock strength 30 per cent 
greater than for records 1 to 7 The 
latencies to the responses to F2 in 
record 7 and to Fl in record 9, in 
elude the maximal synaptic delay 
the latency to F2 m record 9 the 
minimal delay The synaptic delay 
is calculated by subtracting from 
the total latency 0 7 msec , which is 
the conduction time of the impulses 
in fiber paths Time in 0 2 and 1 
msec below Interval between 
shocks indicated in msec in records 
1 to 6 and 9 
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ing of the delay is in direct relation to the in- 
crease in the height of the response. 

An examination of diagram I of Fig. 1 
yields the explanation. This diagram reveals 
that even maximal stimulation of the bundle 
of / fibers cannot result in maximal stimula- 
tion of the motoneurons, because there are 
many synaptic knobs which, belonging to i 
cells, cannot be activated unless those cells 
are made to fire. Obviously, the only pos- 
sibility of maximal stimulation of motoneu- 
rons consists in delivering two F shocks in 
succession. The first F shock (cf. 1935c, 
1938b) creates a certain amount of inter- 
nuncial activity and thus the impulses of the 
/ volley of the second F shock may summate 
with intemuncial impulses (Fig. 1, III). If 
the intemuncial bombardment is strong 
enough, some motoneurons will have all 
their synapses simultaneously activated and 
the stimulation will be maximal. In fact, in 
some cases the stimulation is so strong that 
it causes the motoneurons to fire impulses 
into their axons immediately after comple- 
tion of the absolutely refractory period 
(1935b). 

As the effect of facilitation and that of a 
rise in threshold are in opposite directions, 
they may compensate each other. For ex- 
ample, in Fig. 3, the latency of the response 
(record 10) was shortened by facilitation 
(record 11) so that it became a synchronous 
nerve spike; but refractoriness (record 12) 
brought the latency back to its original 
value, or perhaps something less, because 
the speed of conduction in the motor axons 
may have been slightly subnormal. 

On examining diagrams I and III of Fig. 
1 it is realized that the shortening of the syn- 
aptic delay by facilitation involves a dual 
mechanism. On the one hand, facilitation in- 
creases the total number of impulses de- 
livered to each motoneuron; and on the 
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Fig. 3. Oculomotorpreparation; 
responses recorded from the troch- 
lear nerve. 

Records 1 to 10 (2-2-36); a maxi- 
mal antidromic shock (A) is de- 
livered to the motor nerve at the 
intervals indicated in msec, before 
the testing F shock. The F response, 
shown unconditioned in record 1 , 
diminishes in height and appears 
after lengthened latency. 

Records 10 to 12 (2-6-36); the 
response to a testing F2 shock (rec- 
ord 10 ) is facilitated by delivery of 
a smaller FI shock (record 11 ), its 
latency also is decreased, but de- 
livery of a maximal antidromic 
shock (A) 1.42 msec, before FI ob- 
literates the response to this shock 
and lengthens the latency of the re- 
sponse to F2 (record 12 ). Time in 
0.2 and 1 msec, below. 


other hand, the / impulses of the testing shock arrive at the motoneurons some 
time after i impulses of the conditioning shock, so that the f impulses complete 
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the stimulation initiated by the i impulses. That under such conditions the 
shortening of the delay is so slight is remarkable, and it must be related to the 
shortness of the period of effective summation of impulses arriving at neigh- 
boring synapses (1935d). 

A direct examination of the problem has been carried out by the method 
of fractionation of the F volley (1935c), successfully applied by Eccles (1937) 
to the study of synaptic delays in the superior cervical ganglion. 


In the experiment illustrated by the rec- 
ords of Fig. 4, two F shocks were delivered 
in succession. The conditioning shock (Fc) 
was slightly subthreshold and in diagrams 
III to V of Fig. 1 is supposed to have stimu- 
lated only fiber fc the testing shock was five 
times as strong and is supposed to have 
stimulated the whole bundle of F fibers. In 
constructing diagrams III, IV and V it also 
has been assumed that the absolutely re- 
fractory period of the / fibers measures 0.52 
msec. (1935b). 

Records 1 to 7 of Fig. 4 demonstrate 
that at intervals Fc-Ft of 0.25 msec, or less 
the latency of the response was reduced, the 
shortening being greatest but still less than 
0.2 msec, at the interval of 0.2-0.25 msec. 
At 0.29 msec, (record 8) the shortening was 
markedly less, and there was no shortening 
at the interval of 0.36 msec, (record 9). Ob- 



viously, the period of summation of the fi Fig. 4. Same experiment as in 
and fi+fi impulses was shorter than that Fig- 2 but two hours later. Condi- 
infprvnl tioning shock (FI) one-fifth of the 

T - . , . . , , . , , testing shock (F2). Intervals be- 

Increase Of the interval between shocks tween shocks indicated in msec, on 
soon resulted in increase of the response, the records. 3 , 6, 13 , unconditioned 

Facilitation was demonstrable at an interval res P°? ses *°. F _f.' Conditions of the 
„ n .„ , , . , ,, ' '. experiment indicated in Fig. 1. f, 

oi 0.48 msec, (record 10)\ since at that time response to the f impulses; i, re- 
the /i fibers (Fig. 1, V) were still refractory, sponse to the i impulses. Time in 0.2 
the increase of responses was due to summa- and 1 ' msec - below, 
tion of the fi+f 3 impulses with i, impulses 

which arrived later. The latency, measured from the moment of delivery of 
the Ft shock, was of course not shortened. But at longer intervals (records 11 
and 12; cf. Fig. 1, III) the fi+fi+fs impulses were summating with i*i im- 
pulses which had arrived previously, and the response not only was larger but 
also had a shortened latency. 


It is important to note that the latency in records 7 and 12 is the same, 
a fact that was to be expected, because in both cases the response was due to 
the summated effect of impulses arriving in quick succession. 
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Comparison of the / waves of records 12 and 13 among themselves and 
with the time line shows the slight amount by which the delay of an impulse 
at one synapse may be reduced; but comparison of the i waves in those records 
reveals that if the impulse has to cross successively several facilitated neurons, 
the shortening may be considerable. In that case, where the impulses started 
by the Ft shock were obliged to cross first the i synapses and then the synapses 
on the motoneurons, the shortening amounted to about 0.4 msec.; but if they 
had to cross through three facilitated synapses the shortening would have 
been equal to a whole synaptic delay (0.6 msec.), and consequently the same 
as is obtained by "skipping” a synapse (1935c, Fig. 3, 20, 21). 

Discussion 

The delay of transmission of an impulse across synapses on the moto- 
neurons varies between very narrow limits, the maximal variation being about 
0.3 msec. In facilitated responses the delay measures 0.5-0.6 msec, and in 
threshold responses, 0.8-0.9 msec. However, it is possible that the limits of 
variation may be even smaller, because in the present measurements no cor- 
rection has been introduced either for latencies of the / impulses at the F 
cathode, or for subnormal speed of conduction of the impulses in motor 
axons made refractory by the antidromic shock. With the present technique 
the amount of correction cannot be estimated, and therefore it is advisable 
to take the obtained figures as they stand and summarize the results in the 
following sentence. A motoneuron stimulated by a volley of impulses delivered at 
its synapses either responds within 0.5-0.6 to 0.8-0.9 msec., or it does not respond 
unless restimulated by a new volley of impulses. 

The rigidity of the synaptic delay must be carefully taken into account 
in establishing the theory of synaptic transmission, for it is obvious that no 
excitatory process may be assumed which does not take place within that 
interval of time, as it is never finished in less than 0.5-0.6 msec, after arrival 
of the impulse or in more than 0.8-0.9 msec. 

For descriptive purposes the synaptic delay is measured from the begin- 
ning of the arrival of the stimulating impulse at the synaptic knob, a procedure 
which masks the true time relations between stimulus and response. The 
stimulus, t'.e., the impulse delivered at the synapse, is not an event of vanish- 
ingly short duration; indeed, it has a duration which approaches and may even 
be as long as the synapse time itself. 

According to Gasser and Grundfest (1936) the spike potential that accom- 
panies the impulse along mammalian A fibers has a duration of about 0.5 
msec. This must also be the duration of the spike in the / fibers, because 
judging by their threshold and refractory period these fibers belong to class 
A (1935a). Since the / fibers upon entering the motor nucleus branch out and 
diminish in caliber, it may be argued that their spike potential is lengthened, 
but at any rate no great lengthening may be assumed for the reason that a 
second effective impulse can be transmitted through synaptic terminals when 
started 0.52 msec, after the first (1935b) and it is believed that the ab- 
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solutely refractory period ends when the major part of the spike is finished 
(Adrian, 1921, Gasser and Grundfest, 1936) A new kind of response at the 
synaptic knobs can scarcely be admitted, because the knobs are not always 
found at the end of the fibers, in fact, they are often situated m the traject of 
long fibrils (1938a) Under conditions such as these it seems reasonable to 
assume that the major part of the spike, at least at some synaptic knobs 
known to be capable of settmg up a response, lasts for about 0 5 msec This, 
it will be noted, is the duration of the minimal synaptic delay, so that the 
conclusion becomes unavoidable that when these knobs are effective the 
stimulated neuron fires its own impulse at the moment when the spike po- 
tential at the knobs has subsided or finds itself at an advanced point of the 
descendmg phase It may even fire 0 3 msec later Whether the latter is due 
to the fact that the spike potential at some knobs is of longer duration or 
that the volley of / impulses is shghtly asynchronous, or is in fact due to a 
true delay m the setting up of the new impulse, cannot be decided at present 
However, on the evidence available, especially the fact that the raismg of 
the threshold lengthens the synaptic delay, it would not he unreasonable to 
assume that a true delay of that value may take place 

Emphasis must be laid upon the fact that the summation of impulses 
delivered in succession at neighboring synapses cannot reduce the synaptic 
delay below a minimal value, which is but shghtly less than the delay ob 
served after stimulation by a large synchronous volley of impulses This indi- 
cates that the second impulse does not bring to completion the process started 
by the first, the second starts its own local process (cf 1938a), which does 
not result m the settmg up of the new impulse until the spike potential at 
its synaptic knob has subsided or is near completion 

Conclusions 

1 The limits of variation of the synaptic delay of ocular motoneurons 
have been determined with an improved technique 

2 The average delay measures 0 7 msec It may be shortened by facilita- 
tion or by increasing the number of activated synapses, and it may be length- 
ened by decreasing the stimulus or by raismg the threshold of the motoneu 
rons 

3 The minimal synaptic delay measures 0 5-0 6 msec , and the maximal 
delay 0 8-0 9 msec 

4 It may be calculated that the minimal synaptic delay is equal to the 
duration of the major part of the spike potential at the synaptic knobs 

5 Knowledge of the temporal course of synaptic transmission is not 
sufficient to identify the elementary process underlying transmission, but it 
reduces the number of possible assumptions No process may be assumed that 
cannot take place within the now known rigid time constants 
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Three lines of evidence justify the assumption that the initiation of an 
impulse by synaptic stimulation of a motoneuron is attributable to a process 
reaching threshold within a discrete zone of the soma, underneath a group 
of active synaptic knobs. (1) The soma of the motoneuron is electrically 
excitable and has a number of properties in common with peripheral nerve 
fibers. It must conduct propagated disturbances according to the all-or-noth- 
ing law, while subliminal disturbances must remain localized (1935d), i.e., 
their spread away from the stimulated zone must be decremental, as is 
known to be the case in nerve (Hodgkin, 1937; Lorente de N6, 1938a; cf. 
Eccles, 1936, 1937). (2) The period of effective summation of two volleys of 
impulses arriving in succession at different synapses is brief and summation 
does not essentially alter the time course of stimulation by the second volley 
(Lorente de N6 1935b, c, 1938b, c; cf. Eccles, 1937). (3) Activation of a 
large number of synapses belonging to a certain set of pathways remains inef- 
fective in the absence of bombardment of the motoneurons by impulses that 
have originated in internuncial pools of neurons (Lorente de No 1935c, p. 
507; 1938c, Fig. 7, 13 to 20). 

The last line of evidence is doubtless the more direct one, and further 
experiments conducted on this basis have yielded results that seem to be 
unequivocal. These findings are presented here, together with anatomical data 
on the distribution of synaptic junctions on the soma of the motoneurons, 
which are necessary for an understanding of the facts observed. 

Technique 

The experiments have been carried out on the oculomotor preparation of 
the rabbit, as previously described (1935a, 1938c). The anatomical studies 
have been conducted on the brainstem and spinal cord of young cats, and the 
specimens were stained with silver chromate after Golgi. 

Results 

Experimental. During mild ether narcosis, not deep enough to modify the 
corneal reflex in an appreciable manner, but still sufficient to reduce or abolish 
the tonic labyrinthine innervation of the eye muscles, single F shocks are 
ineffective in setting up a synaptic response of ocular motoneurons, even when 
they are so strong that they must stimulate every fiber of the posterior 

* The experiments reported in this paper were carried out at the Central Institute for 
the Deaf, St. Louis, Mo., and were aided by a grant from the Rockefeller Foundation. 
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longitudinal bundle and adjacent pathways. Under these conditions it cannot 
be doubted that a large number of synapses on the motoneurons are activated. 
In point of fact, in the absence of ether, large numbers of motoneurons, and 
eventually the total population of the motor pool, do respond. The absence 
of response during narcosis cannot be attributed, at least not wholly, to a 
direct effect of ether on the motoneurons, for the following reasons: (1) When 
two F shocks are delivered in succession at 
the proper interval, the second sets up re- 
sponses that include large numbers of mo- 
toneurons (Figs. 1 and 2). (2) During ether 
narcosis shocks delivered to the nuclei of the 
reticular substance in front of the oculo- 
motor nuclei set up synaptic responses of the 
motoneurons (1938d, Fig. 2). (3) Single F 
shocks are rendered ineffective if the vestib- 
ular nuclei and the reticular formation in 
the medulla are destroyed. (1935c.) (4) 

Single F shocks also remain ineffective if 
previous stimulation has temporarily sup- 
pressed the normally existent background 
of subliminal bombardment of the motor 
nucleus by internuncial impulses (1936, 

1938c, Fig. 7). 

In conditions such as these the conclu- 
sion is unavoidable that the activation of 
any number of f synapses in isolation is in- 
sufficient to stimulate the motoneurons to 
discharge impulses into their axons. A typi- 
cal experiment is illustrated in Fig. 1. Two 
shocks in succession were delivered: F2 had 
twice the strength of FI; FI, in the absence 
of ether narcosis, was almost maximal for 
the F response to single shocks (Fig. 1 ,11 
and 15). During ether narcosis both FI and 
F2 delivered in isolation were ineffective 
(Fig. 1,1), but when F2 was preceded by FI, 
at intervals of 0.6 to 5 msec., it was followed 
by strong responses, which at certain inter- 
vals (Fig. 1, records 3 and 4) had almost half the size of the maximal motor 
twitch (record 10). A few minutes after discontinuing the narcosis, both FI 
and F2 were individually able to set up strong responses (records 13 and 15), 
and when delivered in succession at intervals of 0.6 to 5 msec., the F2 response 
also was facilitated. 

The facts described below are significant. At intervals of 0.41 msec, (record 
1) or 0.48 msec, (record 11) the F2 shock was ineffective, either in setting up 



Fig. 1. Oculomotor preparation 
of the rabbit. Response recorded 
from the internal rectus muscle 
(6-11-36). Conditioning shock (PI) 
50 per cent of the testing shock 
(F2). Intervals between shocks in- 
dicated in msec, on the records. 
Light ether narcosis for records 1 to 
9 ; no narcosis for 11 to 15 . 10 , maxi- 
mal motor twitch. 
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any response at all, or in adding anything to the response produced by Fl 
(cf. records 11 and 15). However, at 0.6 msec, (record 3) or 0.65 msec, (record 
12), the F2 response was large, indicating that between the intervals of 0.41- 
0.48 to 0.6-0.65 msec, a change in the excitability of the motoneurons had 
taken place. Since in both records 3 and 12 the F2 response had the minimal 
synaptic delay, there is no doubt that in both cases the F2 response had been 
produced by / fibers not reached by the Fl 
shock, for the absolutely refractory period 
of f fibers is 0.52 msec. (1935b) and the im- 
pulses set up in refractory fibers by the F2 
shock arrive at the motor nucleus after some 
delay and set up responses after lengthened 
latencies (1935b; cf. Fig. 2, 11). The increase 
in excitability was so great that in the case 
of record 3 a limited number of / fibers set 
up a large response after the minimal syn- 
aptic delay (cf. 1938b, Fig. 1), while in rec- 
ord 1, a more powerful volley of f impulses 
was unable to fire any motoneuron. On the 
other hand, as the response in record 3 was 
caused by fibers not stimulated by Fl, the 
change in excitability cannot be ascribed to 
repetitive stimulation of synapses.* Under 
conditions such as these the only plausible 
assumption is that internuncial neurons 
responded to the impulses set up by the Fl 
shock (cf. 1938b, Fig. 1), and that these 
internuncial impulses when added to the {2 
impulses were capable of stimulating the 
motoneurons to discharge. Therefore, it 
must be concluded that the fl impulses, al- 
though they were unable to fire motoneu- 
rons, could fire internuncials; and that the 
internuncial impulses alone were incapable 
of firing motoneurons. 

The same facts are presented in a more 
striking manner by the records shown in 

Fig. 2, which belong to another experiment. For the series of records 12 to 
17, since F2 had twice the strength of Fl, the same conditions were created 
as were present in the case of Fig. 1, 1 to 9, and identical results were ob- 
tained. It will be noted that the response at the start of the period of facilita- 
tion (record 13) had the minimal synaptic delay, and consequently was caused 
by impu lses conducted by the fibers not reached by Fl. 

. • u V* f. bse ? c « eth f r narcosis, when the excitability of internuncial neurons is 
tngh, facilitation has been observed to begin 0.43-0.48 msec, after delivery of Fl i.e. at a 
moment when all the fibers stimulated by Fl were still absolutely refractory (1935c, 1938d)„ 




(T 

Fig. 2 Oculomotor preparation. 
Responses recorded from the inter- 
nal rectus muscle (6-4-36). Light 
ether narcosis throughout. Inter- 
vals between shocks indicated in 
msec, on the records. The larger 
shock was maintained at a fixed 
position at the center of the oscillo- 
graph, while the smaller shock, 50 
per cent of the larger one, was pro- 
gressively displaced. 
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In the case of records 1 to 11, the F2 shock preceded the smaller Fl, so 
that repetitive stimulation of f fibers was necessary to produce the response. 
It will be seen that at the 1.4 msec, interval, when it was expected that a 
large number of / fibers had recovered the response (record 7) was practically 
identical with that shown in record 1 7. But at shorter intervals the responses 
in series 11 to 8 were consistently smaller than those at the same intervals 
in series 13 to 16. They were also delayed, which indicates that the /impulses 
had been conducted to the motor nucleus with subnormal speed. As a matter 
of fact, the series of records 11 to 7 is like that regularly obtained with the 
nerve-muscle preparation after delivery of two shocks at similar intervals. 
This result can be graphically expressed in a simple manner. The inter- 
nuncial discharge started by the conditioning shock created a subliminal stim- 
ulation of the motoneurons, so that the motoneurons responded to every f 
impulse that they received, with the result that the number of responding 
motoneurons became proportional to the number of recovered / fibers. Thus 
we have the following facts: (1) in record 1 a maximal / volley was unable to 
set up a response, while in records 13 and 11 small / volleys did produce 
responses; (2) in records 11 to 8 the numbers of responding motoneurons were 
roughly proportional to the numbers of the / impulses. The conclusion lies 
at hand that the strength of stimulation of motoneurons depends not only on 
the number of simultaneously activated synapses, but also on other condi- 
tions, one of which must be the topographical distribution of the synapses over 
the soma of the motoneuron. 

Anatomical. It is at present generally recognized that the synapses on the 
motoneurons are formed by small thickenings of nerve fib.ers, located on the 
body and dendrites.* 

The synaptic thickenings have been designated in the literature by various terms, 
which as a rule include the adjective "terminal” and often the noun "feet,” for instance, 
the end or terminal feet of Held. Recently the designation, boutons terminaux, used in the 
French translation of Cajal’s book (1909) has been widely employed. Given the extreme 
variety of forms of the thickenings of the axon (cf. Cnjal, 1935), any term already used to 
designate another object is obviously improper, but this impropriety is unavoidable in 
the present case. Here the term "knob,” suggested by Auerbach, is used. The adjective 
"terminal” also is improper, and even more, it is misleading; here use is made of the non- 
committal designation "synaptic.” 

The distribution of the synaptic knobs on the motoneurons and other multipolar 
neurons has in the past been studied in stains made with reduced silver according to the 
methods of Cajal, Bielschowsky, or their modifications which, however, yield only in- 
complete pictures and as a rule give the impression that each knob forms the ending of 
a fibril. It is exceptional to obtain pictures which demonstrate the fact that several knobs 
belong to a single fibril. But even in the best anatomical picture ever published (Cajal, 
1909, Fig. 436), the distribution of all the knobs belonging to each of the fibrils cannot be 
observed. Ordinarily, the silver picture is incomplete on another count; it fails to show 
many of the knobs present on a cell, and even all the knobs on by far the largest number 
of cells in the gray matter. For example, many of the knobs reproduced in Figs. 3 and 4, 

* In some cells, such as the Purkinje cells of the cerebellum, the synapses extend to the 
initial segment of the process called axon. The same seems to be true for some types ot 
internuncials in the spinal cord. As the axon often starts from dendrites at considerable 
distances from the body of the cell, it is a matter of definition whether to place the origin 
of the axon at the cell body and to consider that its initial part may carry synapses, or to 
hold that the axon starts at the level of ending of the synaptic scale of the cell. 
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m point of fact all those establishing synaptic junctions on dendntic branches, are not 
stained or cannot be identified with the use of the ordinary silver stains 

The silver staining methods are, of course, capable of improvement, and the yield 
obtained is in relation to the experience and knowledge of the worker using them No 
theoretical reason exists why it should be impossible eventually to stain any synaptic 
junction with reduced silver But in the experience of the present author, the silver chro- 
mate method of Golgi is the only one known to be capable of staining simultaneously 
and completely the synaptic knobs and the fibers to which they belong Satisfactory stains 
can be obtained of sections from the spinal cord of cats even 20 days old (older animals 
have not been used), and sections of the hypoglossus, facial and oculomotor nuclei of 30 
day old cats have been so stained As a rule, the synaptic knobs m the cord can be studied 
in the 10-15 day old cat It is a rather general belief that the knobs develop late, but the 
fact underlying this belief is that reduced silver methods fail to yield satisfactory stains 
at those ages However, when synaptic junctions from animals at ages at which completed 
royelimzation begins to prevent obtaining a satisfactory Golgi stain are compared with 
synaptic junctions from young but fully developed or even adult animals, stained with the 
Golgi-Cox method, no essential difference is observed 

Cells A to E in Fig. 3 are motoneurons and cell I presumably is large 
internuncial. All of these cells are from the anterior horn of the lumbar cord 
of a 15-16 day old cat. In the original preparation they are stained a light 
orange color, while the fibers and knobs are stained black or a deep red. The 
number of stained fibers is small, and hence there is opportunity to follow 
each fiber and its branches throughout their entire traject within the lOOju 
thick section. 

From the majority of fibers near the group of motoneurons A to E only 
relatively short segments are included in the section; but there is a fiber 6 
which has a relatively large segment and is seen to establish synaptic junc- 
tions with two motoneurons, B and C. Fiber 6 which also establishes synaptic 
junctions with dendrites is a branch of a slightly thicker fiber, which in turn 
is a collateral of another fiber of the anterolateral tract. The parent fiber, 
therefore, establishes connections with many motoneurons and mternuncials 
— a well-known fact which does not require emphasis. 

It will be noted that during its traject along cell C, fiber 6 gives off a series 
of branches, each one of which ends on cell C by means of one, two, or even 
a cluster of knobs. The total number of knobs is large, but it is remarkable 
that these knobs are not located in the immediate proximity of one another, 
bemg separated by spaces which are no doubt occupied by knobs belonging 
to other fibers. Fiber 6 then divides into two branches, 6 a and 6 b. Fiber 6 a 
has five knobs on the body of cell B and finally ends m an intercellular space 
having several small synaptic thickenings (d) obviously in contact with den- 
drites Fiber 6 b establishes contacts presumably only with dendrites. 

The connections of fiber 2 with cell C also are clearly seen in the prepara- 
tion. Branch 2 a obviously establishes contacts only with dendrites, for no 
cell body can be located in that narrow intercellular space; but branch 2 b, 
after having formed some knobs d in contact with dendrites, has a traject 
parallel to the border of cell body C, in the course of which it gives off tiny 
branches terminated by knobs on cell body C. It will he observed that the 
second fibril before reaching C has two tiny thickenings which must neces- 
sarily be in contact with dendrites. 



200 


RAFAEL LORENTE DE NO 

Another type of fiber having contacts with cell C is fiber 5, which ends with 
a cluster of knobs at the base of a large dendrite. In the case of cell C the ori- 
entation of the section is such that fibers 2 and 6 happen to be in the equa- 



Fig. 3. Synapses on motoneurons (A to E) and on a large 
internuncial (I) of the spinal cord of a 15-16 day old cat. Silver- 
chromate method of Golgi, d, synaptic knobs in contact with 
dendrites. 

torial plane of the cell body, so that the true relations of cell, fibers, and knobs 
can be observed. This relationship can still be seen, although but partially, 
in the case of fiber 7 and cell D. The knobs are in contact with the cell body, 
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but the fibrils connecting the knobs are not m contact with the cell In the 
spaces left by the connecting fibrils and the cell, other fibers and tiny dendritic 
branches are located In the case of cells A, B, and E, the stained synapses 
are located on the upper surface of the cell and for this reason the distances 
between the knobs formed by each 
fiber are better observed than in the 
other cells 

All these pictures are, of course, 
incomplete because only a few fibers 
were stained The body of the cell is 
in fact always entirely covered with 
synaptic knobs belonging to many 
fibers, which form a continuous syn- 
aptic scale It is obvious from the 
drawings of Fig 3 that the synaptic 
scale is a mosaic of interlacing clus- 
ters of knobs, so that the activation 
of any discrete zone of the synaptic 
scale demands the conduction of 1 m 
pulses by several fibers On the other 
hand, one fiber may help activate 
several different zones of the syn- 
aptic scale An attempt to illustrate 
these facts in graphic form is made 
in the drawing of cell I taken from 
another section, and seven (JO to 
16) of the stained fibers having Fig 4 A, synapses on a small internun 
knobs on the upper surface of the cml neuron of the ventral ganglion of the 

cell It will be noted that while fibers a f“ t,c nerv f of a 20 rtav °! d cat , B ; a cel1 
, , , „ of the same type a, axon, b, c, d, d,, den- 

JO, II, lo and 14 nave but a small dntes, /, to ft fibers having synaptic June 
number of knobs, fibers 15 and espe- tions with cell A 
cially 12 and 16 have numerous 

knobs distributed over a wide area of the cell body The motoneurons and 
large mternuncials receive knobs from so many fibers that a complete picture 
is obtained only when the preparation is so heavily stained that the course of 
the individual fibers cannot be investigated m detail, but the small mter- 
nuncials, especially in Cajal’s intermediate nucleus, receive knobs from a rela- 
tively small number of fibrils, and therefore not infrequently one observes 
pictures such as that shown in Fig 4, m which an important part of the syn- 
aptic scale is stamed, while the cell itself has remained unstained. 

Ten fibers (/, to f w ) havmg synaptic junctions with the upper surface of 
the cell body or dendrite d, or both, have been reproduced in the drawing 
It can be seen that fibers / 7 to / 10 join dendrite d at some distance from the 
cell body, presumably at its pomt of bifurcation, the fibers follow the den- 
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drite, having small thickenings in contact with it, and upon reaching the 
body form synaptic knobs in a manner similar to the fibers represented in 
Fig. 3. Fibers / 2 , f 3 , and / 4 reach the cell at the origin of dendrite b, and fibers 
h and /c at the origin of dendrite c; a collateral of fiber fi reaches the cell body 
at a point which has no dendrite. It is obvious that if only a few more fibers 
had been stained, the synaptic scale would have been complete. Presumably 
it is almost complete at the level of dendrite d. While neighboring synaptic 
knobs are near each other, the distances being measured in fractions of n, 
they are still not in actual contact. Between them there seems to exist an 
amorphous substance, which by Golgi’s method is at times stained a brownish 
red color. The nature of this substance is unknown; at present it cannot even 
be said whether or not it differs from the intercellular fluid. Neither can it be 
determined definitely whether it corresponds to the pericellular network de- 
scribed by Cajal, Golgi and others (cf. Cajal, 1935, Fig. 47). We can only state 
with certainty that between the synaptic knobs there is something which 
takes the Golgi stain in a manner different from the knobs themselves. 

The drawing of Fig. 4 also illustrates another important fact. The con- 
tinuous synaptic scale formed by interlacing clusters of knobs extends over 
the dendrites, but for only a short distance, usually up to the point where 
the dendrites branch out, and sometimes even for a shorter distance. This, 
with but few exceptions, is the general rule for all the types of neurons studied 
by the present author in the spinal cord, medulla, midbrain, thalamus, and 
cerebral cortex. The differences observed refer chiefly to the extension of the 
synaptic scale beyond the limits of the cell body, the size of the knobs, the 
homogeneity of the fibers contributing to the scale, etc. 

For the synaptic junctions of dendrites the description must be made in 
general terms, for the reason that a detailed analysis has not yet been com- 
pleted. On the other hand, not all dendrites are alike, and there are im- 
portant differences between dendrites of cells of various types, and even 
between the dendrites of one cell. 

A general description may be attempted in the following terms. In the 
intercellular spaces, i.e., in the spaces between cell bodies, there are besides 
glia cells, blood vessels, and myelinated fibers, two plexuses— one formed by 
dendritic branches, and the other by unmyelinated fibers which carry numer- 
ous synaptic thickenings. Fibers 17 and 18 of Fig. 3 are typical fibers of the 
plexus in the anterior horn of the cord, and so are the thin collateral branches 
of the other fibers in the same figure. Accurate representations of the dendritic 
plexuses have been given in other publications (cf. 1938c, Fig, 1; 1933, Fig. 
12). Both dendritic and fibrillar plexuses have numerous synaptic junctions. 

It can be said that a dendrite while crossing the fibrillar plexus establishes 
junctions with fibrils of most varied origin, and that a fibril while crossing 
the dendritic plexus makes junctions with numerous dendrites of various 
types of cells. An attempt to illustrate graphically the relation between the 
two plexuses is made in the diagram of Fig. 5. 

In parts of the nervous system where the arrangement of the dendritic 
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and fibrillar plexuses is systematic, as for example in the cerebral cortex and 
the tuberculum acusticum, it is possible to establish the existence of an orderly 
regional arrangement of synapses on the various dendrites (1933, 1934); but 
in the anterior horn of the spinal cord and the motor nuclei of the cranial 
nerves, an analysis of the dendritic connec- 
tions is made difficult by the apparent lack 
of regularity. 

There are motoneurons with dendrites 
distributed exclusively within the limits of 
the motor pool, and consequently the den- 
drites have connections with fibers also con- 
tributing to the synaptic scale on the cell 
bodies. But other motoneurons have den- 
drites extending far beyond the limits of 
the motor pool, and these have connections 
with the fibrillar plexus of intemuncial 
pools. There are intemuncial cells located in 
the immediate proximity of the motor pool, 
with no dendrite penetrating the latter; but 
there are also intemuncial cells, sometimes 
with the bodies at considerable distances 
from the motor pool, which send dendrites 
into the pool, where they establish contacts 
with the fibrillar plexus of the latter. It is 
obvious that for the dendrites the same 
general rule holds as for the cell bodies, 
namely that activation of all the synapses 
in any discrete length of a dendrite demands the simultaneous conduction of 
impulses by several fibers of the plexus. 

Discussion 

Threshold stimulation of a motoneuron does not require the activation 
of all the synaptic knobs, for the stimulation may have all gradations of in- 
tensity, from subliminal to supramaximal, i.e., capable of firing a refractory 
neuron. On the other hand, the stimulation may be produced by the activa- 
tion of different sets of knobs. This conclusion may be reached from a study 
of the experiments shown in Figs. 1 and 2, but more direct proof has been 
obtained in experiments in which it was shown that the same motoneurons 
may respond either to an f volley or to one of intemuncial impulses (1938c, 
Figs. 3, 4 and 5). Increase in the number of knobs active constitutes an 
increase in the strength of stimulation; but the number of active knobs is not 
the only determining factor, because it has been shown that a small volley of 
/ impulses may set up a response, while a large f volley may fail to do so. 
In view of the anatomical data, the most reasonable explanation seems to be 
that stimulation of the motoneuron demands the activation of all the synapses 



Fig. 5. Diagrammatic repre- 
sentation of the articulation of the 
dendritic and fibrillar plexuses in the 
gray matter of the spinal cord. Cell 
bodies (B) and dendrites ( D ) in 
gray; fibrils and synaptic knobs in 
black. 
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on a discrete zone of the motoneuron, a condition that in the present experi- 
ments cannot be fulfilled by the activation of f or i fibers alone, undoubtedly 
because the synapses of each kind are scattered over the neuron. For example, 
let it be assumed that in Fig. 3, I, fibers 10, 11, 12, 13, 15 and 16 are f fibres! 
Stimulation of any number of these fibers will fail to activate all the synapses 
or any discrete zone of the soma; but if to the/ volley an impulse through fiber 
14 be added, all the synapses on the zone marked with s will be activated and 
the neuron will fire. Obviously, if fiber 14 conducts an impulse, there is no 
need for all the other fibers to be activated; threshold stimulation will be ob- 
tained if fibers 12 and 16 only are active. Obviously, other sets of fibers will 
cause the impulse to start at another zone of the soma. 

This explanation, which is supported also by the first two lines of evidence 
mentioned in the introduction, applies as well in the case where the effective 
knobs are located on the cell body as in that of knobs located on dendritic 
branches. The latter, for example, is true of the olfactory bulb, because the 
olfactory fibers establish synapses with the dendritic bushels of the mitral 
cells. However, much work must still be done before the role of the various 
types of dendrites is fully understood. 

The fact that liminal stimulation is obtained by the activation of a discrete 
zone of the soma does not indicate that the subliminal disturbance produced 
underneath any knob does not spread for a certain distance. The fact that 
summation takes place demonstrates conclusively that it does spread, at 
least to the next knob (Eccles and Sherrington, 1931). But the available 
evidence does not provide us with sufficient data to estimate the amount of 
the spread. The only permissible assumption is that effective summation 
demands the activation of knobs located at a distance from each other which 
is shorter than in the case of knobs belonging to one fiber. 

An intei’esting conclusion to be drawn from this discussion is that the / 
and i synapses, which during ether narcosis are activated by shocks delivered 
to the posterior longitudinal bundle, are scattered over the soma of the 
motoneuron, so that an / or an i volley in isolation cannot result in the activa- 
tion of all the synapses on any discrete zone of the motoneurons, but the / 
synapses must be so concentrated on some i cells that an / volley fires them. 
This conclusion is in agreement with known facts. 

From the anatomy of the oculomotor preparation (cf. 1938c, Figs. 1 and 
2) it follows that the F shock activates the posterior longitudinal bundle and 
adjacent pathways, which after giving collaterals in the oculomotor nuclei, 
end in the internuncial nuclei containing chiefly small neurons. The synaptic 
scales on these neurons are of the type illustrated in Fig. 4 and may be 
activated, at least in large zones, by the volley of / impulses. Thus it could be 
assumed beforehand that these neurons would respond to any / volley which 
is sufficiently large. Similarly, it could have been predicted that a volley of 
impulses conducted by the axons of these cells would in isolation be insuffi- 
cient to fire motoneurons, for as these axons are thin, they can have but few 
contacts with any neuron. Neither is there difficulty in explaining why under 
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ether narcosis facilitation is of short duration. The large neurons of the 
intemuncial nuclei having synaptic scales of heterogeneous origin are not 
activated by the f impulses. Therefore, long closed chains of neurons do not 
come into play, and facilitation ceases as soon as the impulses have crossed 
all the synapses in the open delay paths, which in the case of the experiments 
recorded in Figs. 1 and 2 means four or five intemuncial synapses. But what 
was rather astonishing was to find the / volley in isolation incapable of firing 
motoneurons, for the powerful branches of the posterior longitudinal bundle 
form extensive arborizations in the motor nucleus. Attempts to analyze the 
distribution of the / synapses in the oculomotor nucleus have as yet failed, 
for the anatomical conditions present are unfavorable for detailed study. But 
in the hypoglossus nucleus it has in fact been found that each one of the long 
bundles sending collaterals into this nucleus has a certain type of terminal 
fibers in the nucleus, and that the axons of the small intemuncials located in 
the neighborhood of the motor pool again have their specific distributions. 
It is, therefore, likely that the / synapses on the ocular motoneurons are 
systematically arranged on strategic zones of the neurons, so that only the 
summation of f impulses with impulses carried by other pathways is possible. 
It will be remembered that if a shock is delivered to the intemuncial nuclei 
in front of the oculomotor nucleus, so that { and i fibers are stimulated simul- 
taneously, ether narcosis does not prevent some motoneurons from respond- 
ing; and that if a background of intemuncial activity is present, the / volley 
may fire the entire population of the motor pool. 

Summary 

Although the threshold stimulation of motoneurons requires that several 
impulses be delivered simultaneously at their synapses, not all the fibers 
contributing to the synaptic scale need be active. Experimental results dem- 
onstrate that while the activation of a large number of synapses may remain 
ineffective, activation of a limited number of those synapses, effected simul- 
taneously with the stimulation of other fibers, results in the setting up of a 
response. Furthermore, it is shown that effective stimulation of motoneurons 
may be produced by the activation of different groups of fibers. 

Anatomical studies have revealed that the synaptic scale of the motoneu- 
rons consists of interlacing clusters of knobs belonging to a large number of 
fibers and that the synaptic terminals of each fiber are located at some dis- 
tance from one another. The activation of all the synaptic knobs at any 
discrete zone of the soma demands that several fibers be conducting impulses 
It is obvious that different groups of fibers will cause stimulation at different 
zones of the soma. 

It is concluded, therefore, that the setting up of a new impulse by the 
motoneuron results from a localized process taking place underneath a dense 
group of active synaptic knobs. Subliminal responses must be propagated 
decremen tally but the information available is insufficient to estimate the 
amount and rate of the spread. 



206 RAFAEL LORENTE DE NO 

REFERENCES 

Cajal, S. R. Histologic du systcmc nervcux de Vhomme et des vcrtebrcs. Paris, Maloine 
Vol. 1. 1909. 

Cajal, S. R. Die Neuronenlehre. In Bumke and Foerster, Handbuch der Neurologic 
1935,1:887-994. 

Eccles, J. C. Synaptic and neuro-muscular transmission. Ergebn. Physiol., 1936, 38: 
339-444. 

Eccles, J. C. The discharge of impulses from ganglion cells. J. Physiot., 1937, 91 : 1-22. 
Eccles, J. C., and Sherrington, C. S. Studies on the flexor reflex. V. General conclu- 
sions. Proc. roy. Soc., 1931, B107 : 597-605. 

Hodgkin, A. L. Evidence for electrical transmission in nerve. I. J. Physiol., 1937, 90: 
183-210. 

Hodgkin, A. L. Evidence for electrical transmission in nerve. II. J. Physiol., 1937, 90: 
211-232. 

Lorente de N<5, R. Anatomy of the eighth nerve. III. General plan of structure of the 
primary cochlear nuclei. Laryngoscope., St. Louis, 1933, 43: 327-350. 

Lorente de N6, R. Studies on the structure of the cerebral cortex. II. Continuation of 
the study of the ammonic system. J. Psychol. Neurol., Lpz., 1934, 46: 113-177. 
Lorente de N<5, R. The synaptic delay of motoneurons. Amcr. J. Physiol., 1935a, 111: 
272-282. 

Lorente de N<5, R.The refractory period of the motoneurons. Amer. J. Physiol., 1935b, 
111: 283-288. 

Lorente de Nd, R. Facilitation of motoneurons. Amcr. J. Physiol., 1935c, 113: 505-523. 
Lorente de N6, R. The electrical excitability of the motoneurons. J. cell comp. Physiol., 
1935d, 7: 47-71. 

Lorente de N6, R. Inhibition of motoneurons. In The problems of nervous physiology and 
of behaviour. Jubileum Symposium, dedicated to Prof. J. S. Beritoff. Tiflis, Georgia 
Branch Acad. Sci. U.S.S.R., 1936, pp. 231-247. 

Lorente de N6, R. Subliminal stimulation of medullaled frog nerve. Amcr. J. Physiol., 
1938a. (in press). 

Lorente de N6, R. Limits of variation of the synaptic delay. J. Neurophysiol., 1938b, 
1: 187-194. 

Lorente de N6, R. Analysis of the activity of the chains of internuncial neurons. J. 
Ncurophysiol., 1938c, 1: 207-244. 

Lorente de N(5, R. Responses of motoneurons and of motor axons to short induction 
shocks. 1938d, J. Ncurophysiol. (To be published) 



ANALYSIS OF THE ACTIVITY OF THE CHAINS 
OF INTERNUN CIAL NEURONS 

RAFAEL LORENTE DE NO 
From the Laboratories of The Rockefeller Institute 
for Medical Research, New York 

(Received March 21, 1938) 

Introduction 

All the neurons in the central nervous system are reciprocally connected 
by numerous pathways, some having great and others lesser degrees of com- 
plexity. This wealth of connections is due not only to the high number of 
neurons and pathways, but also to the branching of the axons and their 
collaterals and to the overlapping of the fields of distribution of the branches 
of the different axons. The number and complexity of central pathways are 
best described by saying that, with but few exceptions, at least one pathway 
can be found connecting any two central neurons in a manner so that an im- 
pulse may be conducted from one to the other neuron in the direction of axon- 
synapse-body or dendrite-axon. Obviously many of these complicated paths 
are physiologically impassable, because the impulses sooner or later fail to 
reach the threshold of an intervening neuron, but others actually do play an 
important role in the physiology of the central nervous system. This ques- 
tion was discussed at some length in previous papers (1928, 1933c, 1934a) in 
which the literature of the subject has been reviewed. Recent advances in 
the knowledge of the physiology of the synapse (reviewed by Eccles, 1936b, 
1937a, b; Bremer and Kleyntjens, 1937; Fulton, 1938; Lorente de No, 1938b, c) 
make it possible to analyze in greater detail the physiological significance of 
the arrangement of the neurons in synaptic chains. 

The interest of the analysis consists in that it is possible to reduce the 
actual anatomical complexity of the nerve centers to simple diagrams suitable 
for theoretical arguments. Within the extreme variety of connections estab- 
lished by any one neuron with neurons of the same or of distant pools there 
is a systematic repetition of two fundamental types of circuit, which may be 
called the multiple (Fig. 2, M) and the closed chain of neurons (Fig. 2, C). 
The chains may be longer or shorter, they may contain a larger or smaller 
number of parallel branches, but in every case they remain essentially the 
same. Thus it comes about that the cerebellum as an organ is, from the point 
of view of elementary physiology, a giant chain of internuncial neurons, super- 
imposed upon the reflex arcs in the spinal cord and the medulla (1924). Its 
activity consists in regulating the transmission of impulses through the shorter 
arcs. Similarly, the complex anatomical mechanisms found in the reticular 
substance of the medulla, pons, and midbrain can be reduced to chains super- 
imposed upon the shorter arcs, and it is understandable that if the short arcs 
have been destroyed through suitable operation, motor reactions can be 
elicited through the longer chains of the reticular formation (1928; Spiegel, 
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1929). Nor is it difficult to account for the fact that the internuncial system 
in the reticular formation may be the locus where inhibition of motor re- 
sponses is produced (1928, 1931; cf. Sherrington, 1934). 

An analysis of the activity of the chains of internuncial neurons has been 
made in the oculomotor preparation (1935a) which affords an opportunity of 
stimulating large fiber tracts known to establish synaptic connections with 
the ocular motoneurons. Diagrammatic representations of the preparation 
have been given in previous reports (1935a, e) but additional details are 
needed. 

Since in physiological literature the internuncial system has not received 
the attention that its anatomical importance justifies, it is necessary first to 
reproduce an actual anatomical picture in which the relative number of motor 
and internuncial neurons is immediately seen. Fig. 1 reproduces part of a sec- 
tion through the medulla and midbrain of an adult mouse stained after Golgi- 
Cox. It contains the oculomotor nuclei (VI, IV, and III) and a few of the 
nuclei of the system of correlation located in the reticular formation of pons 
and midbrain. In it, it is patent that the motoneurons are outnumbered many 
times by the internuncial cells* of the reticular formation, which regulate their 
discharge. 

Actual reproductions of pathways connecting these neurons among them- 
selves and with the motoneurons have been published by a number of authors 
(Cajal, 1909, Fig. 361; 1911, Figs. 151, 155, 156, 157; Whitaker and Alexander, 
1932; Lorente de N6, 1924, 1933a, c, e, etc.). The diagram in Fig. 2 has been 
constructed on the basis of these data. 

The diagram emphasizes several important points: (1) Next to pathways 
(1, 2, 9, 10, 11) having direct connections with the motoneurons there are 
pathways (3, 4, 5, 7, 8, 12) that end in the reticular formation without direct 
connections with the motoneurons. Therefore the impulses which they carry 
can reach the motoneurons only after having crossed through an additional 
internuncial neuron. (2) All the pathways that establish connection with the 
motoneurons also have synapses with cells of the reticular formation, so that 


* The name internuncial neuron ' ’ ‘ ' neuron in the central 

nervous system, with the exception o died internuncial. But 

the classification of the cells in each if the following argu- 

ment is considered. Impulses are conducted into a pool of neurons by afferent fibers and 
out of the pool by efferent fibers, which are axons of some cells of the pool. The cells of 
origin of the efferent fibers transmit the effect of the activity of the pool and may be called 
"effector neurons”; all the other nerve cells in the pool are internuncial neurons. Conse- 
quently a cell may be called effector or internuncial according to the problem being studied. 
In the present case the axons of cells in the vestibular and reticular nuclei that run directly 
to the motor : : ' 1 not called intemuncials because 

they are mad : * , ' • ne shocks were delivered to the 

vestibular ne* ,, ■ • ' " ■ 1 ' ' ■ be intemuncials of the second, 

tmrd, etc. order, according to the number of synapses crossed by the vestibular impulses 
on their way to the motor nucleus. 

The conce _ ' i * .■ ■ ■ * * ally different from the concept of the jn- 

tercalar ceil • ■ , ■ V • . cause, as Cajal long ago (1911, p. 590) 

pointed out, 1 - ■ to which v. Monakow referred are not 

i u ' • " ' V ‘ ‘ : ‘ , c . e lls with long axis cylinder; they form 

a collateral chain superimposed upon the articulation of afferent fiber-cell with long axon. 
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Results 


The records reproduced in Fig. 3 were obtained under conditions favoring 
internuncial discharge. The head of the rabbit was tilted some 40° upwards, 


so that there was a considerable tonic laby- 
rinthine innervation of the superior oblique 
muscle, which revealed itself by small ir- 
regular waves of the electrogram of the 
trochlear nerve. The impulses started by a 
shock through electrodes FI could thus sum- 
mate with the constant stream of labyrin- 
thine impulses maintaining the tonus of the 
superior oblique muscle. Single shocks of 
progressively increasing strength were de- 
livered at two-second intervals. 

For records 1 and 2 (Fig. 3) the stimulus 
was barely at threshold and there is an in- 
dication of response only in record 1 ; but in 
records 3 and 4 the response was rather 
large. As in I, it consisted in a re-enforce- 
ment of the tonic waves lasting for some 4-5 
msec. The response increased when the 
shock was strengthened (5, 6, 7, 8), with the 
peculiarity that the largest potential waves 
often appeared at about the middle part of 
the response. Further strengthening of the 
shock (9, 10, 11) to maximal (12) and hyper- 
maximal value (13, 14) caused additional in- 
crease of the response. However, the in- 



crease of the early potential waves was not 
accompanied by increase of the late ones; 
on the contrary, the latest waves disap- 
peared and the response became shorter (cf. 
records 13 and 14 with 6, 7 and 8). 

The type of response shown in records 1 
to 8 of Fig. 3 is one that might be expected. 
The stimulating shock created a volley of 
impulses partly delivered to the motoneu- 
rons and partly to internuncial cells; some 
motoneurons responded to the volley and 
their impulses reached the recording elec- 
trodes. Some internuncials also fired and 
caused other motoneurons and internuncials 


Fig 3. Oculomotor prepara- 
tion of the rabbit; responses re- 
corded from the trochlear nerve. 
Stimulating electrodes in position 
FI (Fig. 2 ), (2-2-36). The numbers 
on the right hand side of the records 
indicate the strength of the shock 
in potentiometric units. The dia- 
gram below indicates the temporal 
and spatial distribution of impulses 
arrived at the motoneuron N after 
a shock is delivered to fiber f; il, i2, 
i3, i4, internuncial paths. Passage 
of a synapse means a delay of about 
0 6 msec. Note that each fiber has 
several synaptic knobs on the neu- 
ron, an arrangement increasing the 
possibility of spatial summation. 


to respond. Likewise, this second volley of 

internuncial impulses stimulated other motoneurons and internuncials to dis- 
charge impulses into their axons, etc. The process was completed when the 
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internuncial volleys failed to reach threshold value for the next neurons. Since 
the average synaptic delay of internuncial cells is about 0.7 msec., it is fair to 
assume that responses such as those shown in records 7 and 8 had involved 
passage of the impulses through four or five internuncial neurons. 

What a priori could not be expected is that strengthening of the shock, i.e., 
increase of the size of the / volley, would cause the response to lose the late 
waves (records 9 to 14). This has only one explanation, namely, that the 
motoneurons, which in weak responses fired upon arrival of late internuncial 
volleys, in response to strong shocks fired when stimulated either by the im- 
pulses of the initial (/) volley or by the early internuncial volleys, and they 
could not fire again for the remainder of the response. The late internuncial 
volleys were lost because they were delivered to refractory neurons. 

This result is expressed in graphic form in the diagram at the bottom of 
Fig. 3. The fiber marked f belongs to the posterior longitudinal bundle and is 
supposed to reach a motoneuron eventually engaged in the response to the F 
shocks. i.L, i.2., i.3., and i.4. are those few internuncial pathways which are 
crossed by the impulses in their way to the motoneurons. It is seen in the 
diagram that if the motoneuron (N.) does not respond to the f impulses, it 
may respond to the internuncial impulses after a latency equal to one, or to 
the sum of several synaptic delays; but if it is fired by the / impulses it will not 
reappear in the response as long as the i impulses find it in a refractory state. 

Since even the strongest responses (12 to 14) contained only a small frac- 
tion, i.e., scarcely one-third, of the total cell population of the motor nucleus, 
the diagram also illustrates the fact that the internuncial volleys were de- 
livered in great density again and again to a small number of neurons, or in 
other words, that despite the many possible channels for conduction into 
branches (Figs. 1 and 2) the impulses remained confined within a few selected 
channels, so that the majority of the neurons of the motor pool received only 
subthreshold stimuli. Using a term introduced by the Oxford school (Cooper, 
Denny-Brown, and Sherrington, 1926) it may be said that during activity the 
internuncial and motor pools become fractionated into active and inactive 
groups, part of the latter group constituting a subliminal fringe (Denny- 
Brown and Sherrington, 1928), the activation of which demands stimula- 
tion by another set of pathways. In the particular case under consideration 
the fractionation was already established by the tome labyrinthine innerva- 
tion in which, as in other tonic innervations (cf. Denny-Brown, 1929; Adrian 
and Bronk, 1929), a small number of motoneurons are continuously engaged. 
Apparently the shock delivered to the posterior longitudinal bundle and other 
secondary vestibular paths temporarily altered the fractionation by causing 
some motoneurons of the subliminal fringe to enter into the active group. But 
still the additional impulses were unable to reach the threshold of neurons that 
were not already in the subliminal fringe. As a result, when a large number of 
the facilitated motoneurons responded (Fig. 3, 12 to 14), the later internuncial 
volleys became ineffective. 

The diagram of Fig. 3 deserves especial consideration because it repre- 
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sents the relatively simple type of chains of neurons in which the internuncial 
system becomes fractionated during transmission of impulses. It has been sub- 
stantiated by a number of other experiments. That the impulses of successive 
internuncial volleys actually are delivered repeatedly in great numbers to a 
small number of motoneurons is demonstrated in a most conclusive manner 


by the records in Fig. 4 obtained by succes- 
sive delivery of two FI shocks, Either shock 
alone (records 1 and 2) set up a response as 
in Fig. 3 , 10 and 12 respectively. When both 
shocks were delivered in succession at inter- 
vals of 0.5 msec, or more, the response to the 
second shock increased considerably, but 
only in its early wave; the late waves were 
considerably reduced even when the facilita- 
tion was greatest (record 5). At that mo- 
ment the response to the testing shock be- 
came a practically synchronous spike some- 
what less than half the maximal nerve spike. 
As there can be no doubt that the testing / 
volley was followed by successive volleys of 
internuncial impulses, the lack of late waves 
in the facilitated response demonstrates that 
the i impulses were delivered to the same 
motoneurons that had responded to the f 
volley. 

Records 7 to 10 correlate the duration of 
the period of facilitation and the duration 
of the response to the conditioning shock. 
As shown by record 8, the total duration of 
the conditioning response was about 4-5 
msec., which also was the duration of the 



period of facilitation. In record 7, where the 
interval between shocks was 3.52 msec., the 
facilitation was still great; but in record 10, 
where the interval was 5.3 msec., there was 
no appreciable increase of the testing re- 
sponse. Evidently in the oculomotor prepa- 
ration the increase in strength of stimulation 


Fig 4. From the same experi- 
ment as in Fig 3 Two FI shocks 
are delivered at the intervals indi- 
cated on the records 1 and 8 re- 
produce the conditioning and 2 and 
9 the testing responses m isolation 


necessary to bring motoneurons of the subliminal fringe into the active group 
is so small (cf. 1938c) that unless some motoneurons are engaged in the re- 
sponse, the extension of the subliminal fringe is negligible. 

Since the period of the summation of impulses delivered at different 


synapses is extremely short (1935c, d; for sympathetic ganglion cells see 
Eccles, 1937b), there can be no doubt that the height of the initial wave 
in the facilitated response (records 3 to 7) measures the number of inter- 
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nuncial impulses entering the motor nucleus at different moments after de- 
livery of the conditioning F shock. The testing volley of f impulses was of 
course constant, because the testing shock was maximal, and consequently the 
number of responding motoneurons was 

roughly proportional to the number .of i im- J- n _ 

pulses arriving at the motor nucleus simul- A F c fc °f\ 

taneously with the f impulses. The temporal — l i 

course of facilitation demonstrates that the I 1 Ft 

internuncial volleys had more or less the , 3 " — ft V - 

densities indicated in the diagram in Fig. 3, ,/ A V i , 

the largest volleys being and U after the » , « 

impulses had crossed through one or two 5 / u f\ 

internuncial neurons. '“"‘Tfi " f 

The records in Fig. 5 obtained in another & ‘ VI , 1 

experiment also are very demonstrative. In " '( I L f h 

this experiment the electrodes were placed 1 J \ , 

in position F2 (Fig. 2), with the result that '| A f n 


the initial f volley was large enough to cause 
the appearance of a considerable f wave, 
while the waves of internuncial origin were 
small (Fig. 5, 1, 2). Nevertheless, it could be 
demonstrated that the / volley was followed 
by powerful i volleys which remained inef- 
fective because they were delivered almost 
exclusively to those motoneurons that had 



02 msec 


been made refractory by their response to 
the /impulses. The experiment was based on 
the following argument (1936, Fig. 4; cf. 
Eccles, 1931, p. 582). An antidromic shock 
was delivered to the motor nerve in order to 
create refractoriness of the motoneurons, 
and at different moments during the period 
of recovery an F response was elicited. The 
impulses of the initial / volley reached the 
motoneurons while their threshold was still 
high and failed to elicit responses, but the i 
volleys, which arrived at the motor pool 
after delays of 0.6 msec, or more, found the 


Fig. 5. Oculomotor preparation; 
responses recorded from the troch- 
lear nerve. Stimulating electrodes in 
position F 2 (Fig. 1) (2-5-36). F c and 
Ft, conditioning and testing F 
shocks: / c and responses to the F c 
and Ft volleys; i c and i„ responses to 
internuncial impulses; A, maximal 
antidromic shock and its response. 
In record 9 the unconditioned ft re- 
sponse has been reproduced (in 
light tracing) on the conditioned 
one. Records 1 to 6 were obtained 
at slightly higher amplification than 
records 7 to 10 (cf. height of the A 
responses). 


motoneurons at a more advanced state of 

recovery and were able to set up responses. By properly choosing the interval 
between the antidromic and the F shocks it was possible to obtain F responses 
in which the / wave was small, while the i waves were large (Fig. 5, 9, 10)-^ 
the rate of recovery of the motoneurons is rather slow (1935c; Lorente de No 
and Graham, 1938), it must be concluded that the i volleys were almost as 
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strong as the f volley, although in strong unconditioned F responses (Fig. 5, 2) 
the i waves were practically absent. 

The actual experiment is illustrated by the records shown in Fig. 5. Two 
F2 (Fig. 2) shocks (F„ and F t ) were delivered in succession at the constant in- 
terval of 0.8 msec., and a maximal antidromic shock was delivered at three 
different intervals (1.30, 0.8, and 0.6 msec.) before the first F 2 shock. Both the 
conditioning (Fig. 5, record 1 ) and the testing shock (record 2) set up responses 
with a large { wave followed by small i waves; but in a similar manner as in 
the experiment of Fig. 4 when the F shocks were delivered in succession, the i 
waves in the response to the testing shock disappeared (record 3). 

The maximal antidromic shock when delivered 1.30 msec, before F 0 pre- 
vented any response to this shock (record 4); but when F 0 was followed by F t , 
the response to the latter contained a large f wave (with slightly lengthened 
latency) and, in striking contrast with the response in record 3, also well 
marked internuncial waves (i t ). WhenF„ was omitted, the response to F t (rec- 
ord 6) contained only i waves. 

When the antidromic shock was approached to the F„ shock (record 7) the 
response to Ft changed in a spectacular manner; the early ft wave decreased, 
while the internuncial waves increased considerably. If F„ was omitted no re- 
sponse was obtained (record 8). Further decrease of the interval between the 
antidromic and the F„ shock to 0.6 msec, resulted in a further decrease of the 
/t wave, without reduction — there rather was an increase— of the internuncial 
waves (records 9 and 10). 

The fractionation of the internuncial and motor pools is maintained even 
in the case of repetitive stimulation creating strong activity. In the experiment 
illustrated by the records in Fig. 6 a rhythmic series of shocks was delivered 
through C electrodes (Fig. 2, Col). The responses were recorded from the left 
trochlear nerve and the C cathode was placed in the reticular formation in 
front of the left oculomotor nucleus. Since the nucleus of the left trochlear 
nerve is located on the right side, the shock did not stimulate trochlear mo- 
toneurons, but stimulated trochlear axons shortly after they had crossed the 
middle line. This response is labeled n on records 13, 14, 17. Synaptic responses 
of trochlear motoneurons, labeled s, had of course a longer latency. 

Single shocks of any strength or tetanic stimulation at low frequency failed 
to set up synaptic responses, but when the frequency of the series was raised 
(I to 9) synaptic responses appeared after a period of recruitment including 
never less than three shocks; after a further period of increase, the responses 
remained at rather constant level, roughly proportional to the frequency of 
the series. 

The recruitment was obviously attributable to the same process which 
underlies the facilitation of responses of motoneurons to two shocks in suc- 
cession (1935c, e). The first shock created impulses which lowered the thresh- 
old of some internuncial cells to synaptic and electrical stimuli; therefore the 
second shock was able to stimulate a larger number of internuncials and create 
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Fig. 6. Oculomotor preparation; responses recorded from the troch- 
lear nerve. Electrodes in position Col. (Fig. 2) (3-9-36). Tetanic stimu- 
lation. The records on the right side were obtained at higher sweep 
speed than those on the left. Time (1/60 and 1/1000 sec.) below each 
series of records. Note that downwards deflection indicates negativity 
at the active electrode, n, response of directly stimulated trochlear 
fibers; s, synaptic responses. 


a greater facilitation of the third shock, etc. The process was cumulative and 
soon the internuncial bombardment became large enough to enable the 
motoneurons to respond to the impulses of the direct volley (c) of impulses 
started by each C shock in internuncial axons or cells (cf. discussion, e). How- 
ever, the recruitment did not progress beyond a certain limit; here as in the 
case of reflex responses fractionation took place. In fact the responses in the 
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experiments of Fig. 6 did not include more than a third of the total number of 
cells of the motor pool. 

An analysis of the response can be made on the basis of records 10 to 19 
which contain the middle part of responses similar to those on the left side, 
photographed at higher sweep speed. 

At frequencies of less than 100 per second there was no synaptic response 
following the n wave (10), but at the frequency of 120 per second (11) the n 
wave began to be followed by an asynchronous synaptic response including 
several wavelets. The same type of response was observed at frequencies up 
to 145 per second (15). In terms of the diagram in Fig. 3 this type of response 
indicates that the initial volley of c* impulses was sufficient to reach the thresh- 
old of only a small number of motoneurons, while the following i i, U, etc., 
volleys were able to fire a larger number. It is important to note that in record 
13 the synaptic response, despite its small size, appeared after the minimal 
synaptic delay (cf. 1938b). 

Increase of the frequency of the series resulted not only in an increase but 
also in a shortening of the duration of the synaptic response, which soon (17 
to 19) became a synchronous spike. Evidently the c impulses set up by each C 
shock met at the motoneurons a large internuncial volley due to the preced- 
ing shock and were capable of firing a large number of motoneurons. The fol- 
lowing i volleys, being delivered with great density only to refractory neurons, 
failed to set up new responses. Here again, as in the previously studied, cases 
despite the great internuncial activity the i impulses arrived in large numbers 
only at a discrete number of neurons. 

The fractionation of the motor nucleus was accentuated by the progressive 
increase of threshold (summation of subnormality) of the neurons engaged in 
tetanic activity. Although there is no conclusive proof, it is most likely that 
the motoneurons were following each shock of the series. As indicated by 
records 10 to 15, at low frequencies some motoneurons, obviously those near 
the subliminal fringe, alternated; but at higher frequencies the motoneurons 
must have followed every shock, otherwise some of them would have re- 
sponded after the minimal synaptic delay, as in record 13, and not after the 
maximal delay, as in records 17 to 19. The frequency of the series necessary 
for effective recruitment was well above the critical one for summation of 
subnormality, i.e., about 100 (cf. Lorente de No and Graham, 1938) so that 
once the motoneurons responded to two shocks in succession, their threshold 
became so high that they could respond again only to very strong stimuli, 
which apparently were created only by the coincidence of a c and an i volley. 
In the absence of c volleys, the i volleys would have been subliminal for any 
of the motoneurons engaged in the response. And in fact it is consistently 
found in experiments of this type that, despite the strong internuncial activity 


The volley of impulses set up by direct stimulation of axons or somata of intemun- 
cial neurons is called / or c according to the position of the stimulating electrodes (P or Col. 
afl d ' Later vo!Gyr ’ ™ ic h cross through one or more internuncial synapses are always 
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created by the tetanus, after the end of the series of shocks the electrogram 
of the nerve, or muscle, showed a silent period of some 15 to 20 msec, duration, 
followed by a long-lasting tonic discharge (Fig. 9, 5, 13). 

Experiments such as that illustrated by the records of Fig. 4 make the 
assumption likely that facilitation ends when the internuncial bombardment 
ceases. However, this demands careful consideration, because according to the 
observations of Eccles (1936a, b, 1937b), subliminal stimulation of the gan- 
glion cell after the period of effective summation of impulses arriving at differ- 
ent synapses — called by Eccles "period of summation of detonator responses,” 
produces a long-lasting state of lowered threshold (Eccles’ c.e.s.). The fact 
must also be considered that the duration of the period of effective summation 
has been determined by studying the interaction of only two volleys of im- 
pulses, and it is thinkable that continued bombardment may lead to different 
results because it might produce a cumulative change in the motoneuron. 

With ocular motoneurons it has as yet been impossible to demonstrate 
the existence of an enduring effect of subliminal impulses comparable to 
Eccles’ second phase of facilitation (c.e.s.), perhaps because in the cases 
studied internuncial bombardment and facilitation were inseparable. An in- 
structive experiment will be mentioned here. 

The series of records in Fig. 7 illustrate one type of interaction of F and C 
shocks. In isolation the F shock ( 3 , 5, 18) caused the appearance of a response 
as shown in Fig. 3; the tonic discharge down the trochlear nerve was increased 
during a period of several msec. The C shock, however, caused a response 
composed of an almost synchronous spike potential followed by a silent period 
of several msec., during which the tonic discharge ceased (1, 2, 7, 21). 

The F and the C shocks may have in part stimulated the same fibers, but 
there can be no doubt that they also stimulated different internuncial axons, 
because when delivered at simultaneity (22) more neurons responded than 
when either shock was delivered in isolation. When the F preceded the C 
shock, the response to the latter was facilitated (4 to 12), the period of 
facilitation lasting as in Fig. 4 through the period of increased tonic activity 
which followed the initial f discharge. 

The results were different when the C preceded the F shock. At an interval 
of 0.2 msec, (20) the F response was greatly reduced even in its early wave, 
and it was practically abolished at an interval of 0.49 msec. (19). At greater 
intervals (17, 16, 15, 14, 13) the F response was totally abolished, as was the 
case also when the C response included only a small number of motoneurons 
(15). The F response began to reappear at an interval of about 4 msec, 
between shocks, and up to the last interval studied (5 msec.) it did not show 
signs of being facilitated. ... „ 

The effect stated cannot be ascribed to the presence of some "inhibitory 
impulses in the C volley, because when the F and the C shocks were delivered 
simultaneously (22) there was a marked summation. The assumption of in- 
hibitory” impulses in later internuncial volleys following the initial c volley 
also would be in conflict with the results of the experiment shown in Fig. 
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Fig 7. Oculomotor preparation, responses recorded from the trochlear 
nerve. Two stimulating electrodes in positions FI and Col (Fig 2) respec- 
tively (same experiment as in Figs 3 and 4) The responses to the C and F 
shocks in isolation have been reproduced in records 1,2,3, 5, 7, 18, and 2l 
There was a certain variation of height of the C response due to the dis- 
continuous character of the tome labyrinthine innervation, the response 
being of course larger when the c impulses happened to coincide with a 
large internuncial volley Record 1 reproduces the largest observed re- 
sponse to a C shock in isolation The numbers of the right hand side of the 
records indicate the order m which they were obtamed, between each two 
consecutive records there was an interval of two seconds For records 4 to 
12 the F shock preceded the C shock at the intervals indicated in msec on 
the records For records 13 to 22 the C shock preceded the F shock. Time in 
0.2 and 1. msec, below. 

and of other experiments, in which it was found that the C shock may create 
a long-lasting facilitation of the F shock. For example, Fig. 8 reproduces 
records from an experiment in which the C shock was followed by a markedly 
enduring facilitation of the F response ( 1 , 3, 4, 6), greater than the facilita- 
tion of the C response by the F shock (9, 10). 

The striking difference between the experiments in Fig. 7 (13 to 20) and 
Fig. 8 (2,3, 4, 6) finds its explanation in the fact that in Fig. 8 the C response 
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was followed by a period of increased tonic activity, obviously due to inter- 
nuncial bombardment, while in Fig. 7 the C response was followed by a silent 
period which indicated absence of internuncial bombardment; even the trans- 



mission of the tonic labyrinthine impulses 
had been blocked. Evidently the c volley in 
this experiment was not followed by inter- 
nuncial volleys; while it arrived as well at 
motoneurons as at intemuncials, the latter 
failed to respond, or if they did respond their 
impulses were blocked at some internuncial 
link made refractory by the shock (cf. 1936). 
Since the f volley, no matter how powerful 
it may be, in the absence of a background of 
subliminal stimulation cannot set up re- 
sponse in any motoneuron, the F response 
became "inhibited” as soon as the period of 
summation of the c and f volleys was fin- 
ished. Comparison of records 20 and 21 
demonstrates that summation was poor, in- 
deed scarcely possible when the c and / vol- 
leys were delivered 0.2 msec, apart. This re- 
sult and the "inhibition” of the F response 
in records 13 to 17 do not demonstrate that 
the c impulses did not cause a long-lasting 
lowering of threshold of some motoneurons, 
but they do demonstrate that if a long-last- 
ing effect such as this had been produced, it 
was considerably weaker than the immedi- 
ate effect of a mild (i.e., subliminal for the 


Fig. 8. Oculomotor preparation; 
responses recorded from the troch- 
lear nerve (3-3-36). Two stimu- 


majority of the motoneurons), internuncial 
bombardment. 

The limited strength of durable effects 


lating electrodes in positions F2 
and Col. (Fig. 2) respectively. The 
F shock was maintained at the cen- 
ter of the oscillograph while the C 
shock was made to appear before 
(1 to 8 ) and after ( 9 and 10 ) the F 
shock at the intervals indicated in 
msec, on the records. 2 , response to 


also is apparent after long-lasting bombard- 
ment of the motoneurons, as in the case of 
vestibular nystagmus. During that reflex 
the agonistic eye muscles show a series of 
slow contractions of long duration, inter- 
rupted by rapid relaxations of short dura- 


the F shock in isolation; 11 , response 
to the C shock in isolation; note the 
increased tonic activity (between 
vertical arrows) following the c re- 
sponse. Time in msec, below. 


tion — no more than 100 msec. Thus, it may 
be said that the motoneurons are submitted 
to a constant bombardment by impulses 
interrupted by short periods of no bombard- 
ment. Should continued bombardment after 


it stops be followed by a long-lasting lowering of threshold, then diming the 
periods of relaxation at least those motoneurons which did not fire during the 
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nystagmic contraction would respond to F shocks. But in fact they do not so 
respond; the response to an F shock is always large during the periods of con- 
traction, while it is small or absent during periods of relaxation (1935a, Fig. 2). 

Under the conditions of the present experiments, in which the stimulating 
shock always creates a powerful volley of impulses delivered to the moto- 
neurons, facilitation and increase of the tonic waves in the electrogram of the 
motor nerve or the muscle have been inseparable phenomena, even when 
facilitation lasted for several seconds. For that reason, facilitation in every 
case could be explained as the result of instantaneous summation of the test- 
ing volley of impulses with impulses of the intemuncial bombardment, the 
existence of which was revealed by tonic discharge of some motoneurons. Fig. 
9 reproduces records from a representative experiment in which long-lasting 
facilitation was observed after a short tetanic stimulation through the C elec- 
trodes. In order to avoid strong motor reactions the preparation was kept 
under light ether narcosis, which is known to reduce the tonic intemuncial 
activity.* 

Although during ether narcosis single F shocks are ineffective (Fig. 9, 
11, 16) two F shocks in succession may set up strong responses (Fig. 9, I), 
undoubtedly because the first shock starts an intemuncial bombardment of 
the motor nucleus. Its duration is usually brief (from 1.25 to 5 msec.), the 
impulses being able to cross only a few intemuncial synapses, but tetanic 
stimulation leads to the creation of intemuncial bombardment and facilita- 
tion of several seconds’ duration (Fig. 9). 

As already mentioned, in the experiment illustrated by the records in Fig. 
9 the conditioning tetanus was delivered through C electrodes, the C cathode 
being placed in front of the oculomotor nucleus, but far enough away to pre- 
vent electrical stimulation of motoneurons or motor axons. The response was 
recorded from the right internal rectus muscle. A series of C shocks at low 
frequency (Fig. 9, 2, 3) did not cause motor response or long-lasting facilita- 
tion of F shocks, but series of low frequency during the period of increased 
intemuncial activity following a previous stimulus, or series at high fre- 
quency caused motor responses similar to those in Fig. 6 and also long-lasting 
facilitation of the F shock (Fig. 9, 5, 8, 13). During the period of facilitation, 
except in the silent period immediately following motor discharge, the electro- 
gram of the muscle showed tonic waves caused by the response of a few moto- 
neurons. Facilitation was strong while the tonic discharge was great (6, 9, 14), 
but it decreased when the tonic waves diminished in size (7, 10, 15), and dis- 
appeared when the tonic waves ceased (11, 16). It is important to mention 


The effect of ether is rapidly apparent; it has, in fac 1 - 1 " ’i 

ot inhalation of a mixture of ether and air so weak that 
the corneal reflex after prolonged inhalation A specific 

ot the vestibular system must, therefore, be assumed However, the motoneurons are but 
u. ,! because they readily respond when intemuncial bombardment is created 
i 6 Btln r u, J , tion Furthermore, results similar to ether narcosis are obtained when 
t background ot subliminal stimulation is suppressed by destroying the reticular sub- 
of Brem« anS 0 M 0 lJi'veTa933)! of aesthetics is also suggested by the experiments 
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Fig. 9. Oculomotor preparation; responses recorded from the internal 
rectus muscle (negativity downwards). Two stimulating electrodes in posi- 
tions F2 and Col. (Fig. 2) respectively (6-5-36). Light ether narcosis. 1, re- 
sponse to two F shocks in quick succession; 2, 3, the same response condi- 
tioned by a eeries of shocks through the C electrodes at low frequency; 4, the 
same as 3 but the series delivered during a period of internuncial activity 
following a previous C stimulation at high frequency. The F response is 
facilitated. 5, facilitation by a series of 13 C shocks at a frequency of 500 per 
second; 6, two seconds later; 7, four seconds later. Note the tonic activity 
in records 6 and 7. 8, 9, 10, 11, facilitation of the response to one F shock 
immediately and 2, 4 and 6 seconds after a series of 13 C shocks at a fre- 
quency of 475 per second. Note that the F shock remained ineffective (11) 
when the electrogram of the muscle did not reveal the existence of tonic 
discharge. 12, timing film (1/60 and 1/1000 second) for records 1 to 11 ; 13, 
14, 15, 16, a similar set of records, also obtained at two second intervals, 
illustrating facilitation of a subliminal F shock (16) after delivery of 
tetanic stimulation (13) through the C electrodes; 17, timing film (1/60 
second) for records 13 to 16. 
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that each facilitated response (6, 9, 13) was followed by a silent period in the 
electrogram, indicating that the impulses set up by the F shocks fired those 
motoneurons which were taking part in the tonic discharge. Here again 
facilitation extended only to the motoneurons reached by large intemuncial 
volleys. 

In view of the evidence presented here the conclusion must be reached 
that the intemuncial bombardment, despite the short duration of the effect 



Fig. 10. Oculomotor preparation; responses recorded from the in- 
ternal rectus muscle (negativity downwards) (6-1-36). Tetanic stimula- 
tion through the C electrodes. Time (1/60 second) in record 9 . The small 
sharp downward deflections are shock artifacts. Further explanation in 
text. 

of the individual impulses, constitutes a statistically constant stimulus for 
the motoneurons of the active group; each neuron responds to it rhythmically 
at a frequency determined by two factors: (1) strength of the bombardment 
and (2) rate of recovery of the neuron. An almost ideal confirmation of this 
conclusion is given by the records in Fig. 10. The cathode of the stimulating 
(C) electrodes was placed near the oculomotor nucleus, so that certain moto- 
neurons were capable of responding to the s umm ated effect of induction shocks 
and intemuncial impulses. 
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In records 10, 11, and 12 the shocks were strong enough to stimulate some 
motoneurons. The responses did not, however, follow the rhythm of the 
stimulating series; they appeared in groups of two and sometimes three re- 
sponses, separated by intervals including four or five shocks during which 
only a mild tonic discharge was visible. The grouping of discharges was obvi- 
ously attributable to summation of subnormality; two or three responses in 
quick succession raised the threshold of the motoneurons to a high level and 
no further response could take place until the threshold had recovered. 

In records 1 to 8 the strength of the shocks was reduced so that they did 
not reach the electrical threshold of the motoneurons without first increasing 
the intemuncial bombardment. The frequency of the stimulating series was 
progressively increased from record 1 to record 8. In record 1 the electrical 
threshold of the motoneurons was not reached until the tenth shock of the 
series, and it was not attained again during the remainder of the series. In 
record 2 the response appeared earlier (seventh shock) and there was a 
grouped discharge followed by a long silent period. A similar effect is seen in 
records 3 and 4. In record 5 the frequency of the series was sufficient to create 
a strong internuncial bombardment, with the result that the responses were 
regularly grouped in pairs. Nevertheless two responses in quick succession 
were sufficient to create a subnormal threshold which remained for periods of 
over 40 msec, above the stimulating value of the shocks. 

Further increase in the frequency of the series ( 6 , 7, 8) reenforced the 
internuncial bombardment to a degree so that the groups of responses con- 
tained three equal twitches, but here again after the third twitch the threshold 
of the motoneurons became so high that a silent period, of 40-50 msec, dura- 
tion, followed each third twitch. While records 1 to 12 were being taken, the 
preparation was kept under mild ether narcosis which prevented the increase 
of internuncial activity above unwanted limits; but before taking records 13 
to 15, the narcosis was discontinued. The strength of the shocks was reduced 
below the value used for records 1 to 8; nevertheless the groups of responses 
contained three or four twitches before subnormality increased sufficiently to 
prevent further response. The great amount of internuncial activity created 
by the series of shocks also revealed itself in the powerful tonic discharge 
lasting throughout the series. 

Although the records were obtained at two-second intervals, the effect 
of the stimulus was cumulative and the tonic discharge at the end of the 
series increased progressively in each record {13, 14). Finally, in record 15 the 
internuncial bombardment was so great that the three first shocks of the 
series reached the threshold of all the motoneurons of the nucleus, resulting 
in an abortive group formation; but the internuncial bombardment raised 
the stimulating effect of the shocks to maximal value and the remainder o 
the response consisted of maximal twitches at the frequency of the series. 
The internuncial activity was so great that despite the high threshold of the 
motoneurons no silent period appeared after withdrawal of the stimulus. 
Furthermore it continued to increase and soon spread through the who e 
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reticular formation, with the result that the preparation showed violent con- 
vulsions. 

The grouping of discharges also may be observed in the pure synaptic 
responses of motoneurons. In the experiment shown in Fig. 11 the responses 
were recorded from the right trochlear nerve; the C cathode was placed in 
front of the right oculomotor nucleus. In record 1 the frequency of the series 
(about 300 per second) was almost subliminal, only two small responses being 
present after the sixth and the tenth shock. Strong responses began to appear 



Fig. 11. Oculomotor preparation; responses recorded from the troch- 
lear nerve (negativity downwards (2-13-36). Tetanic stimulation through 
the C electrodes. Time (1/60 and 1/1000 second) in record 13 . The small 
sharp downward deflections are shock artifacts. Further explanation in text. 

in record 3 when the frequency of the series was about 350 per second; the 
discharge of the motoneurons took place in two groups separated by an 
interval of about 15 msec. Increase in the frequency ( 4 , 5, 6) caused the 
responses to appear early and to grow in size, but it did not change the group- 
ing of the discharge. At high frequencies the discharges, although clearly 
grouped as before, became irregular (11, 12). 

The mechanism of the production of groups is understandable. Single 
shocks being ineffective to create sufficient impulses to reach the threshold 
of the motoneurons, successive recruitment was necessary, until finally the 
internuncial bombardment became strong enough to bring the threshold of 
the motoneurons down to the stimulating value of the volleys created by the 
C shocks. But the tetanic activity of the internuncial neurons soon created in 
them a high threshold, with the result that the internuncial impulses were 
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blocked at some of the cells and the bombardment ceased. Response of the 
motoneurons could not take place until after a second period of recruitment. 
This effect is very interesting in that it reveals the existence of a process by 
means of which a pool of internuncial neurons may reduce the frequency of 
the impulses it transmits at the same time that it changes the character of the 
afferent stream from a practically continuous bombardment by asynchronous 
impulses into a series of powerful volleys of synchronous impulses at low 
frequency. 

Discussion 

(a) Bombardment of motoneurons by internuncial impulses as a source of 
continuous stimulation. The period of summation of the impulses arriving at 
neighboring synapses is short. For example, in the experiment illustrated in 
Fig. 7, 20 and 21, most of the f and c impulses failed to summate and to reach 
threshold when delivered at 0.2 msec, intervals. Nevertheless internuncial 
bombardment may constitute a constant stimulus, because the great number 
of internuncial cells ensures the delivery of impulses in large numbers and at 
high frequencies. For example, in the case of Fig. 3, following the initial f 
volley, internuncial impulses entered the motor nucleus in successive volleys 
at intervals of about 0.7 msec., winch is the average delay of internuncial 
neurons. Furthermore, the internuncial volleys, owing to slight differences in 
the delays at the individual neurons and to differences in the speed of conduc- 
tion in axonal branches of various calibers, necessarily were highly asynchro- 
nous. The frequency of arrival of the impulses at the individual neurons was 
correspondingly high, for the frequency of the wavelets in records 5 and 6 
in Fig. 3 was over 2000 per second, and the majority of the internuncial 
impulses remained below threshold for the motoneurons. Thus it may be said 
that the internuncial impulses arrive at the individual motoneurons in a 
constant stream, so that the f impulses created by the second, testing, F 
shock, delivered at any moment during the period of facilitation which follows 
the conditioning shock, always meet at the motoneurons internuncial impulses 
with which they can sum. The situation is exactly the same for the inter- 
nuncial neurons, because as previously mentioned (Fig. 2), all the fibers hav- 
ing synapses on motoneurons also have synapses on internuncial cells, so 
that whenever motoneurons receive impulses at their synapses, internuncial 
neurons necessarily are also stimulated. 

The shortness of the period of effective summation of two impulses ex- 
cludes the possibility of the summation of impulses that have arrived in suc- 
cession through the same fiber. Hence the strength of the stimulation by inter- 
nuncial bombardment depends upon the density of the latter, i.e.,o n the num- 
ber of fibers conducting impulses simultaneously; and all gradations are pos- 
sible, ranging from subliminal (i.e., only maintaining facilitation) to hmina 
(i.e., causing discharge of resting neurons) and supraliminal (i.e., causing 
discharge of refractory neurons). Internuncial bombardment must necessarily 
cause rhythmic discharge of motoneurons, because each responding moto- 
neuron will fire again as soon as its threshold is reached by the stimulus. 
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Intemuncial bombardment (Forbes, 1922; but cf. Forbes, 1934, 1936) has 
all the properties of c.e.s. (Sherrington, 1925; Eccles and Sherrington, 1931b; 
Bremer and Homes, 1932), and since a motoneuron despite any possible 
lowering of threshold due to previous, intrinsic or extrinsic activity does not 
fire unless impulses are delivered to its synapses (cf. 1938b), there is no 
doubt that the "central excitatory state” leading to motor discharge is due 
to intemuncial activity and bombardment. Furthermore, it has been shown 
in this paper that subliminal c.e.s., i.e., excitation demonstrable only by its 
ability to facilitate the response to an intercurrent stimulus, is always accom- 
panied by intemuncial bombardment, which under the conditions of the 
present experiments overshadows the effect of any other factor capable of 
lowering the threshold of the neurons. 

For this reason the present discussion is conducted on the following 
principles: The mechanism of the stimulation of neurons is the delivery of im- 
pulses at their synapses. The effect of the individual impulses is brief, but the 
continuous arrival of impulses ensures constant stimulation. The neuron responds 
whenever the stimulating effect of the impulses that arrive within a period of effec- 
tive summation reaches its threshold. The neurons as well as their axons (Gasser, 
1935a, b; cf. Eccles, 1936b, p. 392) have two thresholds, the Testing and the 
subnormal threshold which develop during tetanic activity (Lorente de No 
and Graham, 1938). The creation of a high subnormal threshold does not 
necessarily demand a long-lasting activity; two discharges at high frequency 
are sufficient to raise the threshold of the motoneurons to a high level (loc. 
cit., Figs. 5 and 6). 

The existence of a third threshold, even lower than the resting threshold, 
although it has not yet been demonstrated for motoneurons is likely, because 
it has been found to exist with sympathetic ganglion cells, with the neuro- 
muscular junction, and with nerve fibers. With sympathetic ganglion cells 
Eccles (1936a, b, 1937b) observed after delivery of subliminal synaptic stimuli 
at the end of the period of effective summation, which Eccles has called sum- 
mation of detonator responses, a second period of summation termed by him 
c.e.s.,* that appeared to be caused by a lowering of threshold of the ganglion 
cells. It never resulted in the setting up of an impulse. Bremer and Klevnt- 
jens (1937) offer convincing arguments in favor of the view that the process 
underlying this second period of summation is the same as the process re- 
sponsible for the passage of a second impulse across the partly curarized 
neuromuscular junction of the frog (Bremer, 1930; Bremer and Homes, 1932), 
or the neuromuscular junction of the crab (Lucas, 1917). 

With nerve (Gasser, 1938), a second period of summation after subliminal 
stimulation can regularly be demonstrated under certain conditions, for ex- 
ample, after tetanization. Therefore the assumption lies at hand that the 
second period of summation is a general property of excitable tissues which 

• * The suggestion of Eccles to apply the term c.e.s. to the second period of summation 

IS not followed here, for the reason that the term has been widely used with a different 
significance. 
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may influence synaptic transmission. However, in blood-perfused trochlear 
nerve the second period of summation is not demonstrable unless the re- 
covery curve shows a supernormal phase, or unless the nerve has previously 
been tetanized (1938e). Under ordinary conditions it is absent; absence of 
peripheral recruitment is shown in Fig. 6. On the other hand, the effect of the 
lowering of threshold during the second period of summation is qualitatively 
the same as a mild internuncial bombardment (cf. Bremer and Kleyntjens, 
1937, Gasser, 1938), and consequently not demonstrable in the presence of the 
latter (cf. Eccles, 1936b, p. 376). Since under the conditions of the experi- 
ments reported here the internuncial bombardment is always present, there 
is no immediate need for considering the second period of lowered threshold; 
although it is realized that under given conditions it might play a pre-eminent 
role. For example, the remarkable observation of Kleyntjens (1937) made on 
the frog that tetanization of the motor nerve increases the reflex response, 
indicates that at least under certain conditions, after prolonged tetanization 
a period of lowered threshold develops in the motoneurons. Another factor 
likely to play an important role in determining the threshold of the neurons is 
a change of metabolic conditions (Dusser de Barenne, McCulloch, and Nims, 
1937). Its significance is not minimized by disregarding it in the present dis- 
cussion, but more precise information is needed before it can be successfully 
considered in theoretical arguments. 

The main difference between the concept of c.e.s as used by the Oxford 
school (Creed et al. 1932) and that of continuous stimulation by internuncial 
bombardment is that c.e.s. was assumed to develop and accumulate within 
the individual neurons, while internuncial bombardment places the excitatory 
and facilitatory mechanisms outside of the cell (1935b, p. 607). For many 
theoretical arguments the difference may be overlooked; in fact, the result 
obtained is essentially the same, whether the one or the other concept is used. 
In his review Eccles (1936b), while re-examining the physiology of the spinal 
cord in the light of recently acquired knowledge, found it necessary to alter 
but few of the original theoretical arguments. The concepts of recruitment, 
fractionation, subliminal fringe, etc. can be kept with their original meaning 
and have been repeatedly used in this paper. Nor is it necessary to alter the 
discussion of the transmission of impulses across the cerebral cortex made 
elsewhere (1934a) on the basis of Sherrington’s c.e.s. As a matter of fact, 
if the recruitment and successive fractionated discharge of the various groups 
of cortical neurons had to be described entirely in terms of the internuncial 
bombardment responsible for it, the diagrams, owing to the very large 
number of neurons to be considered, would lose their didactic value. 

However, there are cases in which the concept of c.e.s. as an enduring state 
of excitation of single cells cannot be used, not even to simplify theoretical 
arguments, as for example, when the simultaneity of arrival of two volleys 
of impulses is the necessary condition for threshold stimulation (cf. later dis- 
cussion of inhibition), or when the response of the neuron depends more on 



ACTIVITY OF INTERNUN Cl AL NEURONS 229 

the spatial distribution of the active synapses than on the total number of 
impulses (1938c). 

(b) The multiple chains of internuncial cells ( M , Fig. 2) as elementary units 
of transmission. The question so often mentioned in the literature, as to 
whether a two-neuron (one synapse) arc sets up motor responses, can now be 
satisfactorily answered. Since the temporal summation of impulses arriving 
in succession through the same synapse is hardly possible, there can be no 
doubt that some cells in the nervous system are stimulated above threshold 
when a sufficiently strong synchronous volley of impulses through a homo- 
geneous path is delivered to them. Obviously the cells with one-to-one trans- 
mission are those having either large synapses with individual fibers, or those 
having large sections of their soma covered by synapses of fibers from one 
homogeneous pathway (1933b). The rest of the neurons will fire only when 
impulses arrive simultaneously through several different pathways. 

In the spinal cord it can be established (1938c) that the motoneurons have 
synapses of heterogeneous origin, so that conduction of impulses through a 
single pathway cannot result in the activation of all the synapses in any dis- 
crete zone of the soma, while many intemuncials, especially in Cajal’s inter- 
mediate nucleus and in the posterior horn, have homogeneous synapses. These 
cells must fire when a sufficiently large synchronous volley of impulses enters 
into the cord through the posterior roots; and in fact they do so, because (1) 
subliminal stimuli cause facilitation, and (2) internuncial potentials precede 
motor discharge and are obtained at a lower strength of stimulation (Gasser 
and Graham, 1933; Hughes and Gasser, 1934a, b). 

When anatomical conditions prevent the convergence of impulses and 
therefore make it impossible for a two-neuron arc, such as that formed by 
fiber / and the motoneuron of Fig. 3, to transmit impulses, the additional 
activity of one internuncial neuron (ii, Fig. 3) may result in transmission. If 
the first impulse through fiber f fires cells i,, the motoneurons will respond to 
a second f impulse arriving simultaneously with the it impulses, but obviously 
a transmission unit containing only one internuncial neuron cannot transmit 
impulses at a frequency below 1000 impulses per second. Increase in the 
number of links in the internuncial chains diminishes the frequency, and yet 
in the case of the oculomotor preparation, the frequency of shocks delivered 
to the posterior longitudinal bundle and adjacent pathways must be rather 
high, i.e., 100 per sec. (Figs. 6 and 9.) Transmission of impulses at lower 
frequency demands the activation of much more complex chains of neurons, 
which are found only in the so-called primary nuclei of the sensory nerves — 
the posterior horn of the spinal cord, etc. The urgent need for including in 
physiological diagrams these nuclei, which form the most complex part of the 
medulla and cord, is herewith emphasized. 

The concepts of the two-neuron arc, or of an arc with a fixed number of 
intemuncials, lose their physiological meaning. On the one hand the impulses 
may set up responses of the motoneurons after having crossed a variable num- 
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ber of synapses, depending upon the state of the centers; and on the other 
hand, the internuncials are not intercalated between afferent fibers and ef- 
fector cells. They form collateral chains superimposed upon the shortest path 
which, if a sufficient background of facilitation exists, is undoubtedly passable. 

(c) Fractionation of the internuncial and motor pools into active and inactive 
groups. The elementary phenomenon responsible for fractionation consists in 
this, that threshold stimulation of a neuron is obtained only by summation 
of impulses delivered at several synapses. Of the neurons reached by the fibers 
of the active tracts only those respond upon which convergence of impulses 
takes place; the other neurons remain in the subliminal fringe (Sherrington, 
1931). However, since each internuncial axon branches out and establishes 
connections with a large number of other internuncial neurons, it is difficult 
to understand how during continued stimulation the impulses may fail to 
spread into neighboring channels and engage a progressively increasing num- 
ber of neurons producing avalanche conduction (Cajal, 1909; Herrick, 1926). 

The fractionation of the neurons of a pool into active and inactive groups 
is found not only in reflex physiology, but is a general feature of the activity 
of the nervous system. A most demonstrative example is the recent observa- 
tion of Marshall, Woolsey and Bard (1937; cf. Bard, 1938) on the physio- 
logical projection of the surface of the body onto the sensory cortical areas. 
Despite the many possible channels for the dispersion of impulses, only a 
discrete portion of the cortex becomes active. This indicates that here, as in 
the case of the retinal projection, the fractionation is successively maintained 
in each internuncial station (cf. 1934b, Fig. 36). 

One of the most remarkable features of fractionation is that, once estab- 
lished, it continues in the absence of peripheral stimulation. For example, 
stimulation of a single semicircular canal results in a response of the motor 
apparatus of the eye producing nystagmus with a component, the "nucleus,” 
invariable for each canal and another component, the "appendage,” which 
may be reversed by concurrent stimulation of another canal (1933e) or even 
by stimulation of static receptors (1931). The interesting fact is that if the 
appendage of a response has been reversed by the concurrent stimulation of 
another canal, the reversal is maintained after concurrent stimulation stops. 
Likewise, the appendage of a response may be reversed by the after-discharge 
of a previous stimulation. This indicates that certain labyrinthine impulses 
may enter into two different channels, but once they have entered one of them 
they do not leave it during the remainder of the response. Even more, they 
force other impulses to use the same channel, with the result that they sum- 
mate; and two stimuli in isolation apparently antagonistic, when delivered 
simultaneously give rise to a stronger response. 

How the reversal is initiated it is not difficult to understand. In Fig. 12, 
f u f 2 , and fz are fibers of the vestibular nerve and it is assumed that two 
synapses must be activated in order to insure the passage of the impulse 
across the synapse. It is clear that stimulation of fiber / 2 will always fire cell 
N, setting up the nucleus of the response and that concurrent stimulation of 
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fibers fi and / 2 will cause response of ceE 1, setting up the appendage Aj, 
while concurrent stimulation of fi and /j must set up appendage A 2 . 

Now it is known (1933c, Figs. 4 and 8) that the pools of neurons of the 
reticular formation send numerous recurrent (centrifugal) fibers hack to the 
primary nuclei, thus forming a closed chain of type C (Figs. 2 and 12); and 



Fig. 12. I. Diagram explaining the production of reflex reversal by concurrent stimu- 
lation of two fibers (f t and fi or fo and /j) from different peripheral sense organs and its 
maintenance by the impulses conducted by closed chain C, after fiber f s , which initiated 
the response of cell 3, ceases conducting. Each one of the links in the closed chain repre- 
sents a multiple chain of neurons (iVf , Fig. 2) such as is illustrated in the diagram of Fig. 3. 
Collateral d by lowering the threshold of cell a and thus causing two impulses to cross 
through cell 3 in quick succession may produce inhibition, for cell 3 will acquire a high sub- 
normal threshold. 

II. Diagram of Gasser (1937c) explaining reciprocal innervation. It is assumed that 
threshold stimulation of neurons with normal threshold requires simultaneous activation 
of two synaptic knobs, but three knobs are required to stimulate a neuron having sub- 
normal threshold. When fiber I conducts a rhythmic series of impulses at low frequency 
neuron F is stimulated by the b and c impulses and the flexor muscle contracts, but if 
fiber II then becomes active, cell b will be forced to discharge an extra impulse and to 
acquire subnormal threshold. Henceforth cell b will be able to respond only to the impulses 
conducted by fiber II, the result being that the extensor muscle contracts, while the flexor 
muscle relaxes because the 6 and c impulses reach neuron F at intervals longer than the 
period of effective summation of impulses delivered at neighboring synapses. 

it is also known (1928, 1931, 1933) that lesions in the reticular substance, 
destroying among others those recurrent pathways, modify the transmission 
of impulses through the primary nuclei. The assumption lies therefore at hand 
that when the f% fiber stops conducting, the impulses brought back to the 
vestibular nuclei through the C chain maintain the state of facilitation of cell 
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3 and raise to threshold value the stimulating effect of the / 2 impulses, which 
continue setting up the appendage A« as if the f t impulses were still being 
delivered. 

In systems having an extensive anatomical distribution such as the inter- 
nuncial nuclei in the medulla and pons or in the spinal cord, analysis of the 
individual closed chains of neurons cannot be made, but in other organs, such 
as the cerebral cortex, the study may be carried out much farther. It is found 
(1934a, 1938d) that the arrangement of afferent fibers and cortical dendrites 
and axons in closed chains is such that the successive volleys of intemuncial 
impulses must be delivered again and again in great density to the cells — 
internuncials and effectors — reached by the afferent volley, while the neigh- 
boring cells, which receive only small and infrequent volleys, must remain 
in the subliminal fringe. Thus it must be concluded that in the cerebral cortex 
the arrangement of the intemuncial cells in closed chains, which force the 
impulses to use the same pathways repeatedly, is an anatomical mechanism 
leading to fractionation; and there is evidence to show that the same mechan- 
ism is operative also in subcortical centers. 

(d) Long-lasting facilitation, after -discharge. At present it is generally be- 
lieved (cf. 1935c; Eccles, 19361), p. 394; Fulton, 1938 Chap. IV) that long- 
lasting facilitation and after-discharge are maintained by intemuncial bom- 
bardment. The bombardments of relatively short duration can be satisfac- 
torily explained by open chains of neurons having a few links. As a rule (cf. 
Kemp, Coppee and Robinson, 1937) it may be calculated that the passage 
of impulses through each intemuncial station in the medulla and midbrain 
demands 1 msec, or slightly more (synaptic delay plus conduction time). 
Consequently, open intemuncial chains such as are illustrated in Fig. 3 will 
be able to maintain facilitation and after-discharge for 4 msec. But long-lasting 
bombardment necessarily demands repeated passage of the impulses through 
the same intemuncial cell (Bremer and Rijlant, 1926; Forbes, Davis, and 
Lambert, 1930). The intemuncial chains through which the impulses circulate 
have been called reverberating circuits (Ranson and Hinsey, 1930) and closed 
self-reexciting chains (1933c). 

Since the summation of subnormality progresses but slowly at low fre- 
quencies, a closed chain having a large number of links can remain in activity 
for considerable periods of time; but short chains, in which the impulses cir- 
culate at high frequency, must have a short time constant, because the passage 
of only a few impulses will create a high threshold and stop conduction. In- 
hibition must then result (1936). For example, in the diagram of Fig. 12 
impulses may circulate through the closed chain C at different rates. If the 
circuit should be closed through cells a the rate would be high, because the 
impulse initiated in cell 3 would return in about one msec, to the same cel 
after crossing cells a; but if the cell 3 impulse should fail to reach the threshoi 
of cells a and return through b, the rate would be lower. With a long chain, 
i.e., one with many internuncials in series, or a chain including long fiber pat > 
the rate of circulation may be low enough to allow activity for considera e 



ACTIVITY OF INTERNUN CIAL NEURONS 233 

periods of time, especially when fiber ft or /j also is conducting a series of im- 
pulses. However, if while chain C is working at low frequency, facilitation of 
cells a by impulses through collateral d should force the impulse from 3 to 
cross these cells and to restimulate cell 3, the activity must cease, because two 
discharges at the rate of 1000 per second create in cell 3 so high a threshold 
that further transmission through this cell is blocked. 

Thus, the activity of closed chains of internuncial neurons leads, under 
certain conditions, to facilitation, and under other conditions to inhibition. 
For this reason it seems best to drop the qualifications "reverberating” and 
"self-reexciting,” which have too strict a meaning. The function of the closed 
chains of neurons must be analyzed in each particular case, as it must be 
determined by experiment whether a certain system of closed chains may 
become rhythmically active in the absence of peripheral stimulation or of 
impulses arriving from other centers. 

There is evidence that in the case of the internuncial system regulating the 
discharge of ocular motoneurons, the closed chains of neurons in the reticular 
formation and vestibular nuclei are dependent for the initiation and mainte- 
nance of their activity on the constant stream of impulses set up in static re- 
ceptors such as the labyrinth, the proprioceptors of the neck muscles, etc., 
so that even when by suitable operation the closed chains are made short, 
their activity may continue for long periods of time. This point deserves de- 
tailed consideration, for it leads to the problem of the nature of after-dis- 
charge. Is after-discharge the continuation of a newly created activity, or is it 
simply a particular case of reflex reversal which maintains the impulses, 
ordinarily passing through certain channels, in another set of channels? 

It has been shown (1928, 1933c, p. 22) that vestibular after-discharge may 
be enormously prolonged by destroying parts of the reticular formation. The 
neurons left after the operation still formed closed loops (1933c, Fig. 8) but 
evidently short ones. With the now available knowledge of the recovery cycle 
of motoneurons, if an attempt is made to explain the after-discharge in terms 
of autochthonous activity of the closed circuits, the result becomes para- 
doxical. The destruction of internuncial cells shortens the chains and favors 
the creation of a high, subnormal threshold, because in order to maintain the 
internuncial bombardment, the remaining neurons must discharge at high 
frequency; nevertheless, the after-discharge is prolonged. The explanation is 
prompted by diagram I of Fig. 12, which indicates that if impulses started 
somewhere else are fed into them, the closed chains do not need to maintain 
circulation of impulses at the high frequency which autochthonous activity 
would demand. Fiber f 2 now represents one of the fibers from static labyrin- 
thine receptors which set up the tonus of the external rectus eye muscle by 
firing the few motoneurons reached by the axon of cell N. The intercurrent 
stimulation of fiber f 3 brought in the motoneurons innervated by A-, and the 
contraction of the muscle increased. When the stimulus of fiber f, was with- 
drawn, the impulses conducted back to the primary nuclei through the C 
chain maintained facilitation of cell 3 and the /:> impulses were still capable 
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of crossing that synapse, with the result that muscle remained contracted 
(after-discharge) until subnormality was created in some neuron of the C 
chain. If the bombardment of cell 3 by the C chain (cells a, b and c) is mild, 
the fi impulses will set up discharges of cell 3 at low frequency; but under or- 
dinary conditions, when the C chains are complete, many synapses of the 3 cells 
are simultaneously activated and the impulses are forced to circulate at higher 
frequency. The result is that subnormality is more rapidly created and after- 
discharge stops earlier. 

In how far this argument applies to the spinal cord cannot be determined 
without direct experiments. It is likely, however, that the argument has gen- 
eral application, for the reason that long-lasting after-discharge hardly ever 
appears without a background of tonic activity (decerebrate rigidity, etc.), 
which obviously is due to a continuous stream of impulses arriving either 
from the periphery or from other centers. 

(e) Rhythmic reflexes. Stimulation of the semicircular canals results in a 
rhythmic reflex, nystagmus, characterized by a succession of contractions and 
relaxations of the eye muscles. The records of the action potentials of the eye 
muscles or of their motor nerves dinring nystagmus are similar to the records 
in Figs. 10 and 11, the similarity being enhanced by the fact that the grouped 
discharges in Figs. 10 and 11 were obtained during continuous stimulation in 
the same way as nystagmus is produced in the presence of a continuous stream 
of labyrinthine impulses. Both sets of phenomena seem to have the same 
explanation. 

In the classical theory of the production of rhythmic reflexes (Graham 
Brown, 1914; Forbes, 1922; Spiegel, 1929) the attempt was made to explain 
simultaneously reciprocal innervation and rhythm on the basis of a succession 
of states of activity and rest, as due to the fatigue of certain cells. This ex- 
planation is consistent with present knowledge, although rhythm and re- 
ciprocal innervation must be accounted for separately. Rhythm is generally 
accompanied by reciprocal innervation but it may appear without it, even 
when the antagonistic muscles contract and relax simultaneously. The fol- 
lowing discussion, therefore, refers to a frequent form of nystagmus which is 
perhaps the fundamental one, in which the agonist muscle shows a succession 
of slow contractions and quick relaxations of short duration, while the an- 
tagonist muscle shows only quick contractions (Fig. 13, II; cf. 1935f). 

A number of significant facts are known: (1) During the slow phase of 
nystagmus the contraction of the agonist is due to an increase of the number 
of active motor units and to an increase in the frequency of their discharge. 
The speed of the contraction, i.e., the speed of the recruitment of the motor 
units, is directly proportional to the strength of the stimulus, while the dura- 
tion of the contraction is inversely proportional to it. Many things seem to 
indicate that the onset of the quick phase is caused by a trigger-like mecha- 
nism, which becomes active when the contraction has reached a certain love 
dependent upon the strength of the stimulus. (2) The relaxation of the agoms 
and the contraction of the antagonist during the quick phase are very fas , 
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i e , the recruitment of the motor units of the antagonist proceeds rapidly, the 
discharge of the motoneurons taking place with a great deal of synchronism 
The duration of the quick component vanes between narrow limits (MeCoueh 
and Adler, 1931) from 100 msec m weak nystagmus to 80 msec in strong 



Fig 13 I Diagram explaining the production ot 
rhythm during vestibular nystagmus Fiber f is sup 
posed to carry the continuous senes of impulses started 
at the cristae of the semicircular canals which set up 
the nystagmus Fibers f t are supposed to be mam 
taming the tonus of the antagonistic muscle, la, lb, 
2a, 2b, 3a, 3b are branches of the axons of cells 1, 2 
and 3 4a, 4h, 4d, 4e are branches of the axon of cell 4 
/», fb fe are branches of fiber f 

II Diagram of the rhythmic succession of con 
tractions and relaxations of the antagonistic muscles 
during the nystagmus explained by diagram I Rising 
of the line indicates contraction The interval between 
turning points a and b is never less than 3 to 4 msec , 
the interval between turning points c and d mav be 
50 msec long 
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nystagmus (1935f). (3) The stream of impulses created in the vestibular nuclei 
is a constant one. The interrupted discharge of the motoneurons is attributable 
to the activity of neurons located in the reticular formation. In fact, if part of 
the reticular formation or of its pathways is destroyed, the nystagmus is con- 
verted into a monophasic reflex, the agonist remaining contracted as long as 
the peripheral stimulus lasts (1933c). (4) The relaxation of the agonist is not 
attributable to an active inhibitory process but only to a lack of excitatory 
impulses (1933d). (5) The turning points in the antagonistic muscles are not 
synchronous (1935f) (Fig. 13, II). 

In view of these facts it is not difficult to construct a diagram explaining 
the production of rhythm. In Fig. 13, / represents the fibers of the semicir- 
cular canals which, after interruption in the primary vestibular nuclei, reach 
the motor pool of the agonist and the internuncial pool (cells 1, 2, 3). In order 
to simplify the diagram, only a few internuncial cells have been included and 
it must be assumed, therefore, that, although successive impulses through the 
same synapse never summate, the period of summation of impulses arriving 
through different synapses is of long duration. This is identical with making 
the linkage between neurons through chains of type M, as in Fig 3. Cells 4 
and 5 to 9 also belong to the internuncial system, and fibers f, represent those 
from static receptors such as the labyrinth and proprioceptors of the neck, 
which maintain the tonus of the antagonist. The effectiveness of stimulation 
is indicated by the size of the synaptic knobs. It is assumed that the synapses 
formed by a large terminal knob, representing a number of simultaneously 
active ordinary knobs, are one-to-one synapses, while those formed by small 
knobs demand summation of the effects at two adjacent knobs in order to fire 
the underlying neuron. 

When fiber / starts to conduct, its rhythmic series of impulses successively 
recruits internuncial and motoneurons: the first f impulse does not set up 
any response of motoneurons, neither does it fire cells 2 and 3, but it fires cell 
1 ; the second / impulse summates with the impulses delivered by the branches 
of 1 and fires some motoneurons and cells 1 and 2; the third f impulse sum- 


mates with the impulses of 1 and 2 and fires a larger number of motoneurons 
and cell 3. The fact that cell 3 responds means that after completion of its 
synaptic delay cell 4 also fires and consequently cells 1, 2, and 3 must fire 
again. For this reason the fourth f impulse finds the motor nucleus in a greater 
state of facilitation, as it has just received two impulses from each internuncial 
cell and is capable of setting up a response of a large number of motoneurons. 
The contraction of the muscle is then strong; but, a relaxation must im- 
mediately follow because the discharge of two impulses by cells 1, 2, and 3 
in quick succession, at an interval of about 1.2 msec., which is equal to the 
synaptic delay at 4 plus the synaptic delay at 3, 2, or I, has created in them 
a strong subnormality, so that the / impulses cannot reach their threshold. 
Consequently since no internuncial impulses are produced, the facilitation of 


the motor nucleus ceases and the following f impulses alone fail to set up a 
response of the motoneurons. As long as the subnormal state of neurons 1, 2, 
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and 3 lasts, i.e., no more than 100 msec., the muscle remains relaxed, but as 
soon as recovery has been completed the same process is started once more; 
intemuncials and motoneurons are successively recruited* and the contrac- 
tion of the muscle increases until the discharge of 4 again creates a state of 
subnormality in 1, 2, and 3. Evidently if by means of suitable lesions the con- 
nections of cell 4 with cells 1, 2, and 3 are severed, a sudden development of 
subnormality becomes impossible and the muscle will remain contracted as 
long as the f impulses are being produced. 

The contraction of the antagonist is explained by the existence of branches 
4d and 4e of the axon of cell 4. When this cell fires it not only causes the relaxa- 
tion of the agonist, but also produces a contraction of the antagonist, for it 
sets into activity chains of neurons 5-6-7 which on the one hand deliver volleys 
of impulses to the antagonistic pool and on the other hand lower the thresh- 
old of cells 8 and 9, thus increasing the transmission of the tonic (f,) impulses 
to the motor pool. The antagonistic muscle contracts rapidly, but it must 
relax again very soon because the impulses cross through the short chains 
formed by cells 5 to 9 at high frequency and the rapidly created subnormality 
prevents further conduction of impulses to the motoneurons. 

There is extensive experimental evidence to show that neurons 4 to 8 are 
located at least in part in the reticular substance in the pons. Moreover, it 
was found possible to place lesions in the vestibular system allowing those 
groups of neurons to become rhythmically active in the absence of stimula- 
tion of the semicircular canals (1928, p. 90; 1933c, p. 29). The eye muscles 
showed then a peculiar form of nystagmus; the antagonistic muscles under- 
went a rhythmic succession of fast and short-lasting simultaneous contrac- 
tions, separated by longer phases of relaxation. Stimulation of the labyrinth 
did not produce any other result than increase of the frequency of the con- 
tractions; but when an additional part of the reticular substance was de- 
stroyed, the spontaneous nystagmus ceased and the labyrinth was again able 
to produce either a monophasic reflex consisting of a steady contraction of the 
agonist, or even a rhythmic nystagmus in which the contraction of the 
agonist was partially checked by small quick relaxations. 

The relaxation of the agonist begins earlier than the contraction of the 
antagonist, because the discharge of cell 4, which makes cells 1, 2, and 3 sub- 
normal, does not result in contraction of the antagonist until after some re- 
cruitment has taken place in chains 5 to 7. The interval between the beginning 
of relaxation of the agonist and the start of contraction of the antagonist is 
smaller the stronger the nystagmus, but even in the case of a strong reflex 
the difference is not less than 3 to 4 msec., indicating that the transmission of 
impulses from cell 4 to the antagonist pool takes place through at least three 
or four internuncial neurons. 

After its relaxation the agonist again begins to contract when cells 1, 2, 

* It should be noted that the period of relaxation of the agonist is made up of two 
parts: (1) the time during which the transmission of impulses is blocked: and (2) the time 
necessary for the recruitment of internuncial neurons. 



238 RAFAEL LORENTE DE N<5 

and 3 recover from subnormality, while the contraction of the antagonist 
ceases when cells 5 to 7 become subnormal. Since the creation of subnormality 
demands less time than recovery from subnormality, it is to be expected that 
the contraction of the antagonist should be briefer than the relaxation of the 
agonist. In fact differences as great as 50 msec, have been found. 

Despite its simplicity, the diagram in Fig. 13 explains why the rhythm 
may be profoundly modified by intercurrent stimuli. The rate of recuitment 
of neurons 1 to 4 and of neurons 5 to 9 depends not only upon the impulses 
conducted by fibers f, but also upon the impulses conducted by all the other 
fibers having connections with the internuncial cells; and the amount of sub- 
normality necessary to block conduction of impulses also depends upon the 
amount of pre-existent internuncial activity. 

Although the available information, especially the anatomical data, is 
not sufficient to warrant the application of the diagram given in Fig. 13 to 
other rhythmic activities of the nervous system, it seems likely that some of 
the elementary phenomena are in every case essentially the same (cf. Sherring- 
ton, 1906; Wachholder, 1924; Bronk and Ferguson, 1935) and that other 
rhythmic reflexes differ from nystagmus only in the rates of recruitment of 
the motor units during the alternating phases. 

(f) Inhibition, reciprocal innervation. At present it is generally believed 
(cf. Eccles, 1936b; Beritoff, 1937; Fulton, 1938; Lorente de No, 1936) that 
specific inhibitory impulses, even if there were specific inhibitory fibers (Kato, 
1934), do not exist. Inhibition must, therefore, be explained in terms of proc- 
esses created by the same impulses that create excitation. The problem of 
inhibition has been submitted to careful analysis by Gasser (1935b; 1937a, 
b, c,; 1938) who has suggested several diagrams accounting for different types 
of the phenomenon. Two elementary processes are considered: (l)rise in thresh- 
old of the neurons due to summation of subnormality; 2) lowering of the 
stimulating value of a synchronous volley of impulses by its fractionation into 
two volleys delivered at an interval longer than the effective period of sum- 
mation of impulses arriving at different synapses. 

Since the motoneurons and presumably all other neurons work at thresh- 
old, there is no doubt that either of the two processes will cause a deficit of 
response (inhibition). Several instances have been mentioned in this article 
as well as in previous papers, in which it was necessary to attribute the ab- 
sence of response of ocular motoneurons to reduction or cessation of inter- 
nuncial activity (Fig. 7, 13 to 22); and the diagrams in Figs. 12, I, and 13 
explain how a closed chain of neurons including only a few links may act as an 
inhibitory mechanism. Summation of subnormality, however, will lead to the 
production of rhythm (Figs. 10 and 11) rather than to sustained inhibition, 
unless it is produced and maintained in cells which are common links of 
antagonistic chains of neurons. 

The diagram suggested by Gasser (1938c) which is reproduced in Fig. 12, 
II, includes a link of this type in cell b; subnormality of that cell will allow 
activation of cell B or cell F, but not a simultaneous activation of both. 
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A similar linkage between paths A, and A 2 (Fig. 12, I) would explain the 
reciprocal exclusion of the appendages of vestibular nystagmus, and the same 
type of linkage between fibers / and f, (Fig. 13) would explain the initial 
relaxation of the antagonist, which accompanies the initial contraction of the 
agonist in certain forms of nystagmus. The existence of an additional linkage 
ensuring reciprocal innervation is likely, because as previously mentioned, 
destruction of certain intemuncial nuclei may abolish reciprocal innervation 
and cause co-contraction without abolishing rhythm. 

Inhibition through the subnormality of cell b (Fig. 12, II) is very different 
from inhibition produced by a Wedensky block (Lucas, 1917, Fig. 22). Under 
certain conditions increase in the frequency of a train of impulses in nerve 
establishes the Wedensky block; and once established, the block is impassable 
for any impulse.* Subnormality, on the contrary, produces a block for weak 
stimuli only, and no matter how strong the subnormality may be, it will be 
"broken through” if the stimulus is strengthened (Fig. 10, 15). 

In principle, then, the problem of inhibition does not offer insurmountable 
obstacles, and the fact that it is due to excitation of certain neurons explains 
the similarity found by Sherrington (1925) and by Eccles and Sherrington 
(1931c) between c.e.s. and c.i.s. Inhibition must have all the properties of 
excitation, i.e., recruitment, subliminal fringe, etc., the only difference being 
that inhibition does not set up motor responses. Furthermore, inhibition must 
be maintained chiefly by intemuncial bombardment, but other factors (cf. 
Dusser de Barenne and McCulloch, 1937; Dusser de Barenne, McCulloch, 
and Nims, 1937; Gerard, 1936a) may also become operative under given con- 
ditions. 

The difficulties in the explanation of reciprocal inhibition appear when an 
attempt is made to identify the anatomical mechanisms, because inhibition by 
fractionation of synchronous volleys of impulses arriving at different synapses 
demands that excitation of some cells be brought about through pathways 
insuring a perfect synchronism of the arrival of impulses, despite the causes 
for the temporal dispersions responsible for the statistically constant bombard- 
ment observed during facilitation (cf. above, sub a). The timing of the 
arrival of the impulses to the neurons responsible for inhibition must indeed 
be accurate. Fig. 14 reproduces records of an experiment in which the stimu- 
lating value of a synchronous volley of impulses was reduced by dividing it 
into two volleys delivered at variable intervals. 

The diagram at the top explains the conditions of the experiment (cf. 
1935c, Fig. 2). An F shock (F t ) capable of firing fibers and fi (records 1, 5, 7) 
or fu and f, (9) was preceded by a smaller F shock (F„) capable of firing 
only fiber f, (record 4). The conditioning shock was weak so that the /„ volley 
was not perfectly synchronous, which caused an apparent increase of the 
duration of the period of summation of the impulses delivered at neighboring 
synapses (cf. records 6 and 7). Nevertheless, there was an interval between 

* Several convincing reasons why a Wedensky block cannot be considered as the ele- 
mentary mechanism underlying inhibition were given by Fulton (1926). 
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shocks (records 3 and 10) during which the response to F t was clearly dimin- 
ished. This interval was short, because the bombardment through internuncial 
cells ii started by shock F c caused the arrival to the motor nucleus of impulses 
which summated with the F t impulses and gave rise to a facilitated response 
(records 2 and 5). 


Fig. 14. Oculomotor preparation; responses recorded from the trochlear nerve 
(6-20-37). Stimulating electrodes on the floor of the fourth ventricle. The conditioning 
shock had the same strength in both series of records. The response to it in isolation is 
shown in record 4. The testing shock was 220 per cent stronger than the conditioning 
shock in records 1 to 7, and 300 per cent stronger in records 8 to 10. 1, 5, 7 and 9, responses 
to the testing shock in isolation. Note that in records 2 and 8 the response to the testing 
shock is facilitated; it is depressed in records 3 and 10 but is unaltered in record 6. 11, 
timing film (5000 cycles per second). 


The existence of synchronizing mechanisms has been mentioned in previ- 
ous paragraphs (p. 226). It is, however, not improbable that future research 
will lead to the discovery of still other, as yet unknown, synchronizing factors 
and of other agencies capable of maintaining inhibition.* Synchronization of 

* Observations made on peripheral nerve (1938a) suggest that subliminal stimulation 
may play a role in the maintenance of inhibition. When a train of subkmmal shoes 
delivered to a nerve, each shock is followed by a period of local summation and a P® ... 
of postcathodal depression, but the duration of the period of summation diminishes' 
each successive shock of the train, at the same time that the depth of the postcatn 
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a large number of elements is a prominent characteristic of the activity of the 
cerebral cortex (cf. Bishop and O’Leary, 1936; Bishop, 1936). Gerard (1935a, 
b) has made a thorough analysis of the various factors, which in addition to 
the play of nerve impulses on neurons may be operative in modifying cortical 
rhythms. They belong into the class of enduring changes and therefore lie 
beyond the scope of the present paper (cf. above, parag. a). 

Summary 

An attempt is made to correlate data on the anatomy of the central nerv- 
ous system with the results of physiological experiments. 

The nervous system is composed of an exceedingly large number of inter- 
lacing pathways, which offer numerous opportunities for the conduction of 
impulses into divergent paths; but during activity it becomes fractionated into 
a group of active and another group of inactive neurons. The active neurons 
are arranged in convergent chains of relatively simple composition, which may 
be called the multiple (M, Fig. 2) and the closed chain (C, Fig. 2) through 
which impulses circulate. The fractionation is attributable to the fact that 
stimulation of a neuron requires the activation within a short period of time, 
which for the motoneurons is less than 0.3 msec., of several synapses having a 
determined spatial distribution on the neuron. The rigidity of the conditions 
necessary for the effective summation of impulses delivered to synaptic junc- 
tions is such that the impulses circulating through the active chains, despite 
their being very numerous, remain subliminal for the neurons of the inactive 
group. 

Impulses circulating through the chains of neurons of the internuncial 
system create a statistically constant stimulus of motoneurons and inter- 
nuncials, as both classes of neurons are submitted to a constant bombardment 
by impulses being delivered at their synapses. The neurons respond rhythmi- 
cally at a rate dependent upon the strength of the bombardment and the 
rate of their recovery. 

The multiple chain of neurons (M, Fig. Z) is the elementary unit of trans- 
mission; it supersedes the classical reflex arc with a fixed number of synapses. 
The rate at which a multiple chain may transmit impulses depends upon the 
number of neurons it contains; the greater the number of links, the lower 
being the minimal rate. 

The closed chain of neurons (C, Fig. 2) may play different roles according 
to the number of links that it contains. If the number is small, activation of 
the chain may result in inhibition, but if the number of links is large enough it 
may result in sustained facilitation or discharge. It is indicated that after- 
discharge does not necessarily require autochthonous activity of closed 
.chains of neurons; after-discharge must rather be interpreted as an especial 


f ' . : ( 1 lena should take place during synaptic transmission, 

■ . ‘ ' : A f ■ "dn the high subnormal threshold in the periods be- 

, , 1 ' ■■ then be accessible only to strong stimuli constituted 

oy the absolutely synchronous arrival of several impulses. 
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case of reflex reversal, maintained by closed chains of neurons which keep 
the constant stream of impulses that have arrived from the periphery or 
from other centers within channels opened by the intercurrent stimulation. 

The participation of the internuncial system in the establishment of reflex 
reactions is explained in some detail on the basis of diagrams designed to 
account for the production of vestibular nystagmus. 

The elementary mechanisms underlying inhibition are dis cussed. 
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I. Introduction 

A surprisingly high percentage of lesions of the cerebrum, particularly 
tumors, can be accurately localized by recording the alterations in the electro- 
encephalogram. Unlike the clinical manifestations of cerebral disease, the 
electrical changes which accompany lesions in the so-called "silent” areas are 
as definite and as localizable as those arising from lesions in any other portion 
of the cerebral cortex. The method is simple of application, once the apparatus 
is available, and examination does not require the attention or the active 
cooperation of the patient. Since it is not a tiring or painful experience, and 
since it in no way endangers the patient’s life or disturbs his physical condi- 
tion, the advantages of the method are obvious. The records, moreover, are 
graphic, objective and impersonal. Apart from these clinical advantages in 
diagnosis and localization of cerebral lesions the results are of sufficient 
general interest to invite the attention of neurophysiologists. 

METHODS AND APPARATUS 

The apparatus used consisted of three separate amplifying channels composed of 
resistance-capacity coupled amplifiers working into an ink writing oscillograph. The prin- 
cipal characteristics of the apparatus are: (1) Time constant of amplifiers 0.8 second; (2) 
Sensitivity as generally used such that 30 microvolts produces deflection of 1 mm. of inked 
line on moving tape; (3) Ink writer capable of recording any frequency from 0 to 170 
cycles per sec. with slightly diminishing sensitivity above 100 cycles. 

In operation all amplifiers are grounded together at one point and this point is attached 
routinely at the vertex, the grid leads of the several channels being attached by small 
silver plates about 1 cm. in diameter at any desired points on the cranium. When an area 
of interest is located, the central ground is shifted over or near this point and the grid 
leads grouped in radiating fashion about it at shorter distances from this center than before. 

The deflection of the writing arm represents, then, the total voltage between the center 
of the system (usually at vertex) and the silver disc to which the respective grid lead is 
attached. And while the terms "frontal" lead and "occipital" lead are commonly employed 
in the following descriptions, it is understood that the deflections referred to are not due to 
potentials about the silver disc in question but represent the total potentials between the 
disc (in the frontal or occipital region as the case may be) and the grounded centre of the 
amplifying systems either at the vertex or over the point of interest. The terms "different” 
and "indifferent" as applied to such electrodes are false and misleading and the philosophy 
associated with the use of these terms has resulted in many unfortunate misconceptions. 

Electro-encephalogram 

The electrical phenomena which arise from the brain in both normal and 
pathological conditions and are detectable at the scalp may be roughly classed 
as periodic (rhythmic) and aperiodic (irregular). While it is possible that the 

* Presented before the American Neurological Association, Atlantic City, May 3, 1938 
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brain might under some circumstances give off waves of almost any frequency 
between one cycle in five or more seconds and 35 cycles per sec. or higher, 
there seem to be certain frequency bands into which most of these waves fall' 
and certain frequencies which are not often seen. The common frequency 
bands in the encephalographic spectrum are roughly: 

(a) below 1 per second ] 

(b) 1 to 3 per second \ pathological or during sleep 

(c) 6 per second I 

(d) 7.5 to 11 per second j 

(e) 14 per second > normal 

(f) 18 to 35 per second J 

Fig. 1 represents a rough estimate of the brain wave spectrum obtained 
from the electro-encephalograms of a considerable number of our patients. 



Fig. 1. Showing relative incidence of human brain wave frequencies in a group containing 
about 50 per cent of patients with some cerebral lesion. 


While the ordinates of this curve represent the number of times of appearance 
of waves of any one frequency, it must be emphasized that the curve is esti- 
mated since no adequate quantitative compilations have yet been made. 
Others will doubtless place much less stress upon the three- and six-cycle 
bands, which have been here augmented by a considerable experience with 
patients subject to minor epileptic seizures. It should be noted that the valleys 
in the picture are perhaps just as significant as the peaks; a frequency of 4 
per sec. is uncommon and the appearance of 7 per sec. rhythm is not relatively 
common. While many higher frequencies than those here represented are 
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encountered, their nature and significance are not sufficiently understood for 
discussion. 

Roughly speaking, those frequencies which lie between 8 and 40 per sec. 
seem to be "normal” and healthy, although their absence or their relative 
amounts when present may be of considerable pathological significance. Those 
frequencies which he below 8 per sec. appear to be pathological and to ac- 
company abnormal conditions, with the possible exception of sleep in which 
slow waves are seen 1 ’ 2 ' 3 but in which their frequency is seldom maintained 
long enough to count at any definite figure. 

The aperiodic or irregular phenomena are more difficult to describe, and 
are composed largely of transients, which die out too quickly to be counted 
at any definite frequency, of transitional and rapidly changing forms and also 
of more or less definite figures such as "spikes” and "saw-tooth” forms which 
probably represent relatively isolated cortical discharges. These spikes, at 
least when present in considerable numbers, point strongly to an abnormal 
condition although cases with moderate numbers of isolated spikes are not 
uncommonly seen in which confirmatory evidence of pathology has not been 
found. 

Swings of potential not sufficiently regular or sinusoidal to merit the term 
of waves are common in the very low frequency region where they may ap- 
pear quite irregularly or fairly regularly at rates of from one in 10 seconds to 
perhaps one in 2 seconds. Such swings are seen in sleep and in many patho- 
logical conditions. They are also seen in anaesthetized subjects and in those 
with increased intracranial pressure 1 . Their presence in connection with 
tumors is not uncommon and while of probable value in suggesting such 
lesions they may not always have localizing significance. 

Tumors and some other lesions usually give rise to slow waves and some- 
times spikes, which undoubtedly arise from the disturbed tissue around the 
tumor 5 . These electrical phenomena may be quite sharply localized and by 
them the position of the tumor may often be rather well determined. Walter 5 
has presented several cases in which such localization has been made by 
the presence of 3 per sec. waves which he has called delta waves. This par- 
ticular frequency, although often seen about tumors, is, however, not neces- 
sarily indicative of tumor or other irritative lesions but seems to be a rather 
fundamental wave-pattern for children with minor epilepsy 7 . Most of the 
waves which are seen about tumors and which might well be all classed as 
delta waves range in frequency from about 0.5 per sec. to about 4.5 or 5 
per sec., the most common frequency being 1 or 2 per sec. Such waves at 
frequencies greater than 3.5 per sec. are rare. 

XI. Localizing Phenomena 

In the 11 cases presented here, 8 instances of cerebral tumor and 3 of 
cerebral scars, the findings in the electro-encephalogram which indicated 
the presence of a localized cerebral lesion were: (a) regular waves with a 
frequency of one to 3 per sec.; (b) very slow swings in potential varying from 
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one in five to one in two seconds; (c) irregular sharp or saw-tooth spikes; 

(d) electrical phenomena characteristic of localized convulsive seizures; and 

(e) absence of normal alpha waves. 

(a) The most common localized electrical phenomena indicative of under- 
lying pathology were waves occurring at the frequency of one-half to three 
cycles per second. Waves of around 3 per sec., as has been pointed out, are 
characteristic of children suffering from petit mal. In such instances, however, 
they are not localized. In the cases presented in this paper these waves arose 
from a localized area referable to the lesion. They were present in seven of 
the eleven cases (Nos. 1, 2, 4, 7, 8, 10 and 11). In 3 of these cases (Nos. 4, 8 
and 11) their frequency was about one per sec.; in 3 (Nos. 2, 7 and 10) it was 
2 per sec.; and in one (No. 1) it was 3 per sec. It is obvious that the slower 
frequencies, one or two per sec., are the most common. In all instances these 
waves were most marked and most constant at or very near the site of the 
lesion. In 2 cases (Nos. 8 and 10) they were confined to that region. In 2 
cases (Nos. 7 and 11) and possibly a third (No. 4) they were less constant and 
of smaller amplitude in other portions of the same hemisphere. As these waves 
obtained at a distance from the lesions were nearly in phase with the more 
prominent waves, it seemed likely that they were propagated from the region 
of the lesion. In some cases records obtained from two points on opposite 
sides of the region of greatest intensity would give waves which were 180° 
out of phase with each other (see Case No. 1). In two instances (Nos. 1 and 2) 
synchronous waves, less constant and of lower amplitude, could be obtained 
from the same lobe of the other hemisphere. 

(b) In 4 cases (Nos. 1, 3, 9 and 11) very slow but regular swings in po- 
tential ranging from once in five seconds to once in two seconds could be ob- 
tained. In Case 1, in which there was a well circumscribed astrocytoma of the 
left frontal lobe, such waves were obtained from both frontal lobes. The same 
was true of Case 11, but here necropsy revealed that the tumor had spread 
through the corpus callosum to involve the other frontal lobe. In Cases 3 and 
9, instances of a superficial cortical scar and traumatic subarachnoid cyst, and 
of a cystic glioma of the left occipital lobe respectively, this phenomenon was 
limited to the site of the lesion. 

(c) Sharp, sudden alterations in potential giving rise to spikes may occur 
singly, irregularly, or regularly in brief runs. Such spikes as previously noted, 
are apparently significant only when present in considerable numbers. The 
runs are particularly worthy of note. Such spikes were prevalent in 4 cases 
(Nos. 1, 5, 6 and 7). In Case 5, a meningioma of the superior right precentral 
region, and in Case 6, a traumatic scar in the right frontal region, the spikes 
were localized to the area of the lesion. In Case 7, a meningioma of the postero- 
inferior part of the left frontal lobe, a few asynchronous spikes were obtained 
from the opposite frontal lobe and some spikes of lower amplitude but syn- 
chronous with those from the left frontal region were obtained from other 
parts of the same hemisphere. In Case 1, a circumscribed left frontal astrocy- 
toma, a few asynchronous spikes were obtained from the opposite rig 
frontal region. 
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(d) In one case (No. 3) in which there was extensive scarring of the dura 
mater, arachnoid and pia mater over the right frontal lobe associated clinically 
with generalized convulsive seizures, electrical phenomena characteristic of 
those obtained from individuals suffering from localized convulsive seizures 
were obtained only from the right frontal region. These did not spread to any 
other region and were not associated with any objective or subjective evi- 
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Fig 2 Showing (except line A) the electro-encephalograpluc configurations indicative 
of localized cerebral pathology Line A is a normal tracing starting with the eyes closed, 
showing a fairly prominent alpha wave which disappears at the end of the line where 
the eyes are opened Line B shows slow waves having a frequency of 0 5 per sec Line C 
shows 2 per sec delta waves Line D shows cusp-shaped and saw-tooth spikes, singly and 
hi runs Line E shows the electrical manifestation of a localized epileptic seizure Lines F 
show the absence of alpha waves (upper tracing) from the occipital lead on the side of a 
tumor and simultaneously the presence of alpha waves (lower tracing) m the occipital 
lead from the unaffected side All these tracings are to the same scale in voltage and in 
time 

dence of a seizure. This characteristic electrical phenomenon is the typical 
"wave and spike pattern” 8 which has come to be looked upon as pathog- 
nomonic of minor epilepsy. In this case the total deflection of the localized 
seizure was around 40 microvolts and the duration of the seizure one to two 
minutes (in contrast to the usual petit mal deflection of around 200 micro- 
volts with a seizure duration of about 10 to 15 seconds). 

(e) In 2 cases (Nos. 2 and 9) an absence of the normal (8 to 10 per sec.) 
alpha rhythm was obtained. In Case 2 this absence was found only on the 
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side of the lesion— a large localized traumatic cerebral atrophy extending from 
the cortex to the ventricle in the left parietal region, the surface of which had 
been surgically removed. In Case 9, a cystic glioma of the left occipital lobe, 
the alpha rhythm was absent from both occipital lobes, whereas localizing 
slow shifts of potential were present (left side). However, these electro-en- 
cephalograms were obtained following attempted ventriculography during 
which the cyst on the left side was evacuated, while on the right side, because 
of an anatomical abnormality, the needle was inserted down the calcarine 
fissure resulting in a temporary left homonymous hemianopsia and a perma- 
nent small paracentral scotoma. 

The features which have been noted above as indicative of cerebral lesions 
are illustrated in Fig. 2, which is a composite made up of episodes clipped 
from various records. This figure shows the principal electro-encephalographic 
configurations which we believe are indicative directly or indirectly of cortical 
lesions. 

III. Discussion 

In all of these 11 cases the pathology has been determined either at opera- 
tion or autopsy, or has been demonstrated by pneumoencephalography. The 
location of the pathology and the approximate localization indicated by 
electro-encephalography have been in substantial agreement. In one patient 
with a large brain tumor (Case 11) only small waves indicating a lesion were 
obtained. This patient had had a subtemporal decompression which may have 
reduced the pressure on the cortex. A total of 13 patients having cerebral 
lesions later confirmed by operation, autopsy or both, have been examined 
by electro-encephalography in the last twelve months, from which the above 
11 cases have been chosen. All of these have shown some evidence suggestive of 
an intracranial lesion. No attempt has yet been made to evaluate the electrical 
possibilities in posterior fossa lesions or in pituitary disorders. 

Waves having frequencies from 0.5 to 3 per sec. which are sensibly equi- 
distant from peak to peak for at least five cycles seem to be quite character- 
istic of tumors but are also seen with other types of localized pathology. With 
the exception of waves at about 3 per sec. commonly seen with minor 
epilepsy, but not so distinctly localized or lateralized as with tumors, such 
waves have always, when obtained from patients while awake, indicated gross 
cerebral pathology. It should be noted that waves of this frequency can be 
simulated by rhythmic eye movements or rhythmic movements of the eyelids 
but these artifacts appear only in the frontal leads and are equal and simul- 
taneous on the two slides. 

The very slow swings — less than 0.5 per sec. — are found in many patho- 
logical conditions, particularly the chronic degenerative diseases and chronic 
encephalitis. While such slow shifts of potential are seen in connection with 
cerebral tumors they are not peculiar to them. In most conditions they ap- 
peared most commonly and prominently from the frontal lobes. Only when 
they are localized to one area of the head, as in Cases 3 and 9, can they be 
considered to have any localizing value. 
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The records obtained during sleep may at times be confusing. In sleep 
many slow transitional forms are seen. Occasionally quite regular runs are 
present, often around one per sec. It should be noted whether the patient 
is sleeping and whether such waves are localized to any single area. Great 
care must be exercised in the interpretation of the various signs. This is 
particularly true in the matter of spikes; an occasional isolated spike carries 
little weight, but when seen in considerable numbers or in series they seem 
to imply an abnormal cortical discharge. 

The absence of alpha waves from the occipital leads or their gross ine- 
quality in corresponding areas on the two sides should arouse suspicion and 
is at times corroborating evidence but at the present time does not in itself 
carry much weight. The appearance of the electrical manifestations typical of 
localized epileptic seizures is rare. They probably have great localizing and 
diagnostic importance. Theoretically, few waves should be obtained over areas 
where the cortex is atrophic or where there is a cyst. We recall a case in which 
considerable activity was present in frontal, temporal and occipital leads and 
appeared of almost the same form in these three leads simultaneously. Opera- 
tion revealed a large porencephalic cyst in the posterior frontal region, over 
which the cortex was so thin and gelatinous that it probably had little, if 
any, function. It seems probable that most of the electrical activity was here 
transmitted up from the neighboring intact regions. 

It is perhaps unnecessary to emphasize that abnormal waves, especially 
those from 0.5 to 3 per sec., come in trains or spindles, and that their ampli- 
tude varies from time to time. Because of this, multiple simultaneous record- 
ing from several areas of the head is essential for any certainty of localiza- 
tion. It is felt that while the method of electro-encephalography is of necessity 
somewhat indefinite in the outlining of cerebral tumors and other lesions, it 
does, nevertheless, compare favorably in this regard with many of the methods 
now in use, and that there are many lesions which it is possible to indicate 
more or less definitely by this means where other methods give only negative 
findings. In view of these possibilities it seems likely that electro-encephalog- 
raphy will become an essential adjunct in the localization of intracranial 
lesions. 

IV. Summary 

Electro-encephalography presents an easily applied, non-tiring and non- 
traumatizing, relatively simple means of localizing many cerebral lesions, 
particularly with reference to tumors and other focal lesions. Intracranial 
lesions are indicated and may usually be localized by the following electro- 
encephalographic phenomena: 

1. Very slow swings, 1 to 2 in 5 seconds. 

2. Slow waves from 1 to 3 per sec. 

3. Spikes and saw-tooth forms. 

4. Electrical manifestations of localized epileptic seizures. 

5. Absence of or marked difference in the alpha rhythm on the two sides. 

6. Marked diminution or localized absence of electrical activity. 
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Eleven cases are presented in all of which the lesions have been localized 
more or less accurately by this method and which collectively show most of 
the above features. In 8 of these cases tumors were present, in 2 there were 
cerebral scars which had resulted from trauma, and in one there was a 
marked scarring of the meninges. All have been confirmed by roentgenograms, 
operation or necropsy. 

It is suggested that the electro-encephalographic method will become a 
valuable adjunct in the diagnosis and localization of intracranial lesions. 

Case Reports 

Case 1. (C. R. M., No. 177797), a white male, 36 years of age, was by referred Dr. 
Harold Evans of Davenport, Iowa. He was well until seven years prior to admisson on 





Fig. 3. Case 1. This pneumo-encephalogram shows the anterior por- 
tion of the left lateral ventricle displaced downward with a large filling 
defect in the posterior part of the displaced area which was caused by a 
nodule of tumor within the lateral ventricle. 

June 23, 1937. The onset of his present illness was with a right-sided convulsive seizure. 
Subsequently he had many such attacks and some generalized seizures in all of which 
however, he lost consciousness. Following many of these attacks he experienced a tempo- 
rary difficulty in speaking and weakness of his right extremities. During the last year ie 
had developed increasing difficulty in speaking and slight weakness in the right upper 
extremity. 

Examination revealed only a definite motor aphasic defect and some awkwardness 1 
rapid movement of the right hand. Pneumo-encephalography indicated a large tumor in 
the left posterior frontal region (Fig. 3) . , , 

The electro-encephalogram showed very slow negative swings in the frontal leads on y. 
These were irregular but often came at a rate of about one in 5 seconds. Three per seeon 
waves, large and regular, were seen in the lead from the mid-line of the frontal region, 
propagated slightly into the right frontal region, and were absent in the occipita ar 
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(Fig 4). Here, as in all subsequent figures, the circle represents the common point of the 
amplifying systems, the dots represent the points at which the individual amplifiers are 
applied When the center point of the amplifying system was shifted over the left frontal 
lobe and the amplifiers spread out fanwise as in the sketch, Fig 4B, these waves were seen 
in all three leads, largest m the anterior lead, smaller toward the vertex, with a gradual 
phase shift around the central point so that the voltage in the lead towards the temporal re- 
gion is 180° out of phase with the voltage in the lead towards the midline frontal region 
This is well shown in Fig 4 and suggests that the source of these waves lies somewhat 
anterior to the center point of the amplifying systems Sawtooth spikes were seen in the 
lead from the left frontal region These were irregular but quite numerous in this area and 



Fig 4 Case 1 Delta waves at Ai arising from the mesial aspect of a tumor 

seemed to come in showers Occasional similar spikes, much smaller and much less numer- 
ous, were seen from the right frontal area Some spikes from the left frontal area are shown 
in Fig 4C (In Fig 4C, lead 1 records the voltage between the left temporal and left frontal 
regions, leads 2 and 3 between the left and right frontal regions respectively and the ver- 
tex ) From this electro encephalogram it was concluded that there was a lesion lying in the 
mid portion of the left frontal lobe 

Subsequently, on June 29, 1937, the patient was operated upon and a large, well cir- 
cumscribed benign glioma (astrocytoma) which measured 7 cm in diameter on the surface 
was removed from the substance of the left frontal lobe The tumor lay 1 cm medial to 
the superior longitudinal fissure, 1 cm anterior to the precentral vein and 2 cm above the 
Sylvian vessels The tumor was cone shaped, the base presenting on the surface of the brain, 
the apex extending inward to the lateral ventricle, with a small nodule of tumor actually 
lying within the anterior horn of the ventricle The patient made an uneventful recovery. 

Case 2 (H J P , No 143696), a boy 19 years of age was referred by Dr. Albert H 
Montgomery of Chicago This boy was well until the age of 5 when he sustained a com 
pound depressed fracture of the skull m the left posterior parietal region This was treated 
surgically and the boy was quite well, except for some slight weakness of the right ex- 
tremities, until the age of 13 when he began to suffer from convulsive seizures involving the 
right arm only These attacks were preceded by an indescribable visual aura On only two 
occasions did the patient lose consciousness The attacks occurred about 3 times a week 
in spite of the administration of phenobarbital and bromides 

Examination showed a large soft pulsating defect in the bone of the left panetal area 
There was some spasticity of the right arm and leg and some difficulty m making rapid 
movements Sensory perception was slightly reduced on the right side and stereognosis in 
the right hand grossly impaired Babinski’s sign was present on the right Pneumo- 
encephalogram revealed a large dilatation of the left lateral ventricle at the genu with 
considerable regional atrophy of the brain 

At operation on January 24, 1936 the cortex in the affected area was found to be avascu- 
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lar and gelatinous and was very thin, with a much dilated genu of the ventricle immedi- 
ately beneath. All of the cortex overlying the ventricular dilatation was removed. Since 
then there has been no recurrence of the convulsions. 

After 4 months he was readmitted for further study. Electro-encephalography done at 
that time revealed an absence of alpha waves on the left side and their definite presence 
on the normal side. (This finding is directly opposed to that of Lemere 5 who found alpha 
waves absent on the unaffected side and present on the side of a lesion.) Good runs of waves 
at about 2 per sec. were seen especially in the left frontal lead but also to a lesser extent 
in the right frontal, pointing to a source of irritation somewhat to the left and forward 
of the vertex. This is seen in Fig. 5 A. In Fig. 5B are seen 3 simultaneous tracings showing 2 
per sec. waves in the left frontal, 8 per sec. waves in the right occipital and nothing defi- 
nitely periodic in the left occipital lead. The cause of the 2 per sec. waves is here most prob- 
ably some cicatricial contraction at the anterior end of the cortical defect which has been 
indicated by shading in the sketch in Fig. 5. 



2 
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Fig. 5. Case 2. Delta wave at A 2 and B , arising from the anterior aspect of a scar, and at 
B i absence of alpha waves on the side of the lesion. 

Case 3. (L. B., No. 137071), male, 25 years of age, was referred by Dr. L. E. Dupes of 
Hobart, Indiana. He was perfectly well until the age of twenty-one years when he suffered 
from a nocturnal generalized convulsion. During the following four years he had about six 
such seizures. Recently severe headaches had developed. Just prior to his admission Janu- 
ary 28, 1937, he suffered from a series of attacks in which he lost consciousness but had no 
convulsion. Examination revealed a bony prominence over the right frontal sinus. There 
was an anosmia on the right side, a slight left lower facial weakness, and the left platysma 
myoides did not contract. There was a questionable sign of Babinski on the left side. Roent- 
genograms of the skull revealed a large osteoma in the right frontal sinus with several 
knob-like protrusions of the osteoma through the inner table of the skull. 

Electro-encephalography revealed slow waves having a frequency of one every two 
seconds localized to the right frontal lobe, and localized epileptic seizures in this area which 
did not spread to other areas and did not produce any clinical evidence of a seizure. Indeed, 
he would talk and answer questions during a seizure and denied any knowledge that any- 
thing unusual was occurring. These seizures occurred also while he was asleep ana during 
sleep also there was no clinical evidence of an attack. The voltage associated with these 
attacks was of the order of about 40 microvolts total deflection, and the attacks laste 
about one minute, that is, considerably longer than most minor attacks. . 

These slow waves are shown in Fig. 6A where they are seen with tracings taken simul- 
taneously from other areas. At B is seen the typical manifestation of a localized epilep ic 
seizure. It was obtained only from the right frontal region. The tracing showing this seizure 
has been enlarged two diameters at C to show more clearly the typical "hump and spi e 

The patient was operated upon on February 2, 1937. A right frontal osteoplastic fiap 
was reflected and a large osteoma was removed from the frontal sinus. It possesse 
knob-like protrusions which penetrated the inner table of the skull and the dura ma 
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and were embedded in the brain The dura mater had of necessity been opened in removing 
these bony knobs It was firmly adherent to the underlying arachnoid membrane throughout 
all of the exposed area, i e , over the nght pre frontal area There was extensive fibroblastic 
proliferation involving all of the meninges in this region How far beyond the operative 
field this process extended could not be stated It appeared likely that it was the result 
of a low grade infection that had penetrated the subdural space from the frontal sinus 
along these bony protrusions There has been no recurrence of the convulsive seizures since 
the operation Phenobarbital has been taken regularly 



Fig 6 Case 3 Right frontal lead over meningeal scarring shows at A, \ per sec 
delta waves and at B, subclmical epileptic seizure pattern, localized to this area At C, 
seizure pattern enlarged two diameters 

Case 4 (J O , No 155035), a male, 51 years of age, was admitted to the University 
of Chicago Clinics on July 6, 1936 complaining of attacks which had been present for three 
months These attacks began with a bad taste in his mouth, occasionally the smelling of an 
unpleasant odor, he would then become nauseated and his hands would shake He did not 
lose consciousness On examination the only findings were a marked euphoria and a per 
sistent attempt to joke and make witty remarks The visual fields were normal A ven 
tnculogram was made which indicated a tumor deep in the substance of the nght temporal 
lobe 

He was operated upon on July 11, 1936 An extensive infiltrating glioma was found deep 
m the nght temporal lobe extending into the basal ganglia The overlying cerebral cortex 
of almost all of the temporal lobe was removed and a large part of the glioma 

Electro encephalography was done about two months after the operation and as we 
were at that time looking only for changes in the alpha rhythm due to tumors, only oc 
cipital leads were taken They show a wave having a frequency of slightly greater than 






Fig 7 Case 4 Delta waves from'postenor aspect of lesion, 
none from opposite (not involved) side 
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1 per sec. in the right occipital area, in contrast to the left occipital region which shows 
nothing of this nature. Whether this wave, which may have been larger further forward, was 
caused by the remaining tumor or was due to some pathology resulting from the opera- 
tion, is impossible to say. Small alpha waves are seen in both occipital leads, in the right 
superimposed on the one per second waves. These findings are seen in Fig. 7 which shows 
a section of the record taken in this case. 

Case 5. (P. H., No. 169364), a white female, 47 years of age, was referred by Dr. A. G. 
Miller of Hobart, Indiana. Since the age of 39 she had suffered from weakness and numb- 
ness of the left lower extremity which had begun in the toes and grown progressively more 
severe and extensive. For the past 7 years she had suffered from convulsive seizures limited 
to the left upper extremity until the last year when the attacks had become generalized 
and were accompanied by loss of consciousness. Examination revealed considerable weak- 
ness and spasticity of the left lower extremity. She was unable to move the toes or ankle 
voluntarily and walked with a hemiplegic limp. There was no disturbance in the cranial 
nerves. Sensation was intact. In the left upper extremity there was moderate weakness of 
movement at the shoulder and elbow and some slight spasticity. Rapid alternating move- 
ments were impossible in this extremity. There was slight atrophy of the musculature about 
the shoulder. Tendon reflexes were all increased on the left side, the abdominal reflexes 
were absent and Babinski’s sign was present. Roentgenograms of the skull revealed no 
abnormality. 

Electro-encephalography showed a large number of irregular discharges usually of a 
saw-tooth form, sometimes singly but sometimes so fast and regular as to give almost a 
sinusoidal appearance. These appeared in the right posterior frontal area and were localized 
to this region. There were no slow waves or delta waves. Fig. 8 shows two runs of these saw- 
tooth discharges both appearing in the right frontal lead. 

At operation on March 18, 1937 a small parasagittal meningioma was found over the 
right central gyrus just lateral to the superior longitudinal sinus. It lay astride the central 
vein which was greatly engorged. The tumor was removed. 



Fig. 8. Case 5. Saw tooth pattern, Ai, and B», in long runs, sharply 
localized to anterior aspect of small meningioma. 

Case 6. (J. S., No. 176916), male, 22 years of age, was admitted to the University of 
Chicago Clinics on July 2, 1937 complaining of "fainting spells” which began two years 
before. At the age of 2 years he had fallen from a third story window and sustained a severe 
deforming fracture of the skull as a result of which an irregular bony prominence had per- 
sisted in the frontal region. He was unconscious for a time following this accident and os 
the power of speech for the succeeding 6 months. Since this accident movements ot e 
right arm and leg had been weak and awkward and he was lethargic and mentally re ar e , 
reaching only the fifth grade in school. At the age of 18 he was involved in an autorno 1 
accident in which he was thrown from the car into a snowbank but suffered no ill e ec . 
When 20 years of age he suddenly lost consciousness without warning and for no apparen 
reason, and then developed a generalized convulsion which was so severe as to throw u 
out of bed. Since then these attacks have recurred about once every month. Examma i 
revealed a bony ridge about 6 inches long running along the coronal suture and ano 
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spherical elevation a short distance posterior to this ridge on the left. He was apathetic 
and responded slowly to all questions. At times he stammered and had difficulty in finding 
words. It was difficult to hold his attention and sensory examination was unsatisfactory. 
The right upper extremity was somewhat smaller than the left and, although there was no 
weakness, he was markedly awkward in all movements of this extremity and it did not 
swing as he walked. The tendon reflexes were all slightly hyperactive on the right side, the 
abdominal reflexes were absent on that side but Babinski’s sign was not elicited. Roent- 
genograms of the skull revealed an extensive bony deformity along the coronal suture on 



Fig. 9. Case 6. Cusp shaped spikes, B 3 , sharply localized to the 
anterior end of a long cortical scar. 


the left side and extending backward into the left parietal bone. Pneumo-encephalography 
revealed some enlargement of the left lateral ventricle and a large defect in the cerebrum 
beneath the bony deformity. 

Electro-encephalography showed irregular spikes, mostly cusp-shaped, singly and in 
runs, rather sharply localized near the anterior end of the deformity of the left frontal 
bone. None was obtained from other areas. Fig. 9 shows a run of cusp-shaped spikes and a 
single more saw-toothed form obtained from this area. 

Case 7. (F. K., No. 185650), a white female, 49 years of age, was admitted to the 
University of Chicago Clinics on November 7, 1937 complaining of convulsions. These had 
begun in October, 1936 and she had suffered from seven such seizures. In these attacks she 
would suddenly and without warning lose consciousness, the face and jaw would be drawn 
to the right, all extremities becoming rigid, and she would froth at the mouth. Following 
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each attack she would be unable to speak for from several hours to two days. Ever since 
the first convulsion there had been some persistent difficulty with speech. In addition to 
these major attacks there had been many minor seizures of short duration in which she 
did not lose consciousness but was wholly unable to speak, although she insisted that she 
knew what she wished to say. Since March, 1937, she had been unable to read and, although 
able to write, could not spell correctly. Examination revealed inability to form a coherent 
sentence including three simple words which were given to her, or to relate the contents of 
a single sentence read from the newspaper. Enunciation was very poor. There was a slight 
right lower facial weakness and a very slight weakness of the right upper extremity. Rapid 



Fig. 11. Case 8. Large calcified oligodendroglioma in the medial 
portion of the left frontal lobe. In this ventriculogram the slightly di- 
lated right ventricle which is normal in shape can be faintly seen. There 
is only a small amount of air in the left lateral ventricle, the anterior 
horn of which has been cut off and displaced backward. This ventricle 
communicates with a series of cysts in the superior part of the frontal 
lobe. 

alternating movements were done less well by the right hand. All tendon reflexes were 
hyperactive on the right side. Babinski’s sign was not present. The findings on lumbar 
puncture were normal. A pneumo-encephalogram revealed that the anterior horn of the 
left lateral ventricle was shifted slightly toward the right. 

Electro-encephalography showed sharp spikes, most prominent and most frequent in 
the left frontal area. They were also seen in the left temporo-occipital and right fron a 
areas where they were rounded but synchronous with those in the left frontal area an 
probably transmitted from it. The right frontal area also showed a few sharp spikes wine 
were not associated (synchronous) with anything seen elsewhere. Spindles or brief runs o 
regular waves of about 2 per sec. were seen in the left frontal and temporal leads, usu y 
somewhat larger in the frontal. These waves were transmitted to other areas but were very 
small there, as is seen in the left occipital lead of Fig. 10. This figure shows at (A) spi e 
from the left frontal area, and (B) 2 per sec. waves from the left frontal and temporal area, 
the temporal appearing to be somewhat slower, and at (C) the reference pomt has ee 
shifted to the left frontal area, giving waves in all three leads. The fact that they are a 
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phase and of nearly the same amplitude indicates that the reference point was in the vicin- 
ity of the disturbance. , . - . 

At operation a meningioma about the size of a tennis ball was found lying in tne s interior 
part of the posterior frontal region, its inferior margin about 3 cm. above and anterior to 
the central sulcus. Since operation phenobarbital has been administered and £he has had 
no further convulsions and her speech has steadily improved. 

Case 8. (C. C., No. 185438), a white male, 53 years of age, was admitted on October 17, 
1937 complaining of "fainting spells.” In April, 1937, he had had his first generalized con- 
vulsion which occurred without warning and without any focal phenomenon. In Ivlay, 
1937, 4 more such seizures occurred in one day. There were no more until September of 
that year when he began having them at frequent intervals. His wife had occasionally 
noted attacks of jerking of the right leg while the patient was in bed at night. On examina- 
tion he was apathetic, disinterested in his surroundings, and paid no attention to his mail 
or the newspaper. He was quite unconcerned about his condition or the proposed operation 



Fig. 12. Case 8. Delta waves over tumor, at At. 

and rarely spoke except in response to direct questions. There was, however, no demonstra- 
ble aphasia. There was a questionable weakness of the facial musculature on the right and 
of the right upper extremity. The tendon reflexes were somewhat more active on the right 
side. Babinski’s sign was not present. Roentgenograms of the skull revealed a large area 
of calcification in the left posterior frontal region. Ventriculography indicated a tumor in 
the area of calcification containing a cystic cavity which communicated with the lateral 
ventricle. Fig. 11 shows this calcification and the distortion of the ventricle backward and 
downward by the tumor. 

Electro-encephalography showed spectacular runs of waves of a frequency slightly less 
than one per second, almost continuous and sharply confined to the left frontal lobe. These 
are seen in Fig. 12, and at (B) the central point of the amplifying system has been placed 
on the left frontal area, the points to the individual amplifiers being grouped about it at a 
radius of about two inches. Waves are seen in all leads suggesting that their point of origin 
probably lies within the circle formed by these leads. From the phase relation and relative 
size of these waves, the direction of propagation was deduced to be from in front back- 
wards (across the area from which voltages are picked up) and the source somewhat in 
front of the center point of the amplifying systems 

i. on October 26, 1937 the surface of the cortex of the left frontal lobe 

i:.j lA'u-umus ui the irontai lobe was amputated and a large part of the tumor 

removed. It proved to be an oligodendroglioma. 

Case 9. (M. D., No. 459), a white female, 26 years of age, was referred by Dr. M. M. 
Hoeltgen of Chicago She was admitted on September 27, 1937. For 10 years prior to ad- 
mission she had repeatedly experienced brief attacks of flickering lights before her eyes. 
These were not lateraUzed. They were not associated with any other phenomenon until 
one year before admission when the seizures became more frequent and were associated 
with severe headaches, nausea and at tiroes vomiting. Examination revealed a bilateral 
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papilloedema of 2 to 3 diopters. The right pupil was slightly larger than the left but both 
reacted normally. The visual fields were full on repeated examination. There were no other 
abnormal findings. A ventriculogram was attempted. The needle inserted into the left 
occipital lobe encountered a cystic cavity at a depth of 2 cm. from which syrupy yellow 
fluid was obtained. 

Electro-encephalography showed absence of alpha waves on both sides even when the 
amplification was increased to several times that normally employed. Slow negative swings 
were seen chiefly in the left occipital lead. These were irregular but at times came about 
twice in 5 secs. Such a succession of swings is seen in Fig. 13 where they appear from the 
left occipital lead in contrast to the right occipital which shows nothing. It is probable 
that they represent localized pressure in this area. No definite waves in the neighborhood 
of 1 or 2 per sec. were seen. 



At operation a large glioma (atypical astrocytoma) was found occupying most of the 
left occipital lobe. The entire lobe including the tumor and the cystic cavity was ampu- 
tated. She made an excellent recovery except for a persistent right homonymous hemian- 
opia. 

Case 10. (G. Z., No. 125436), a white male, 34 years of age was referred by Dr. A. H. 
Barnett of Chicago. He was admitted on December 3, 1937. Three years previously he had 
suffered his first attack. It began with a "numb” feeling in the epigastrium, an inability 
to speak, then loss of consciousness and a generalized convulsion. At first these attacks 
occurred at intervals of three to four months but just prior to admission had grown more 
frequent. From the first there was an associated slight weakness of the right arm and fre- 
quent twitchings of the right leg when in bed at night. During 1937 he had several attacks 
in which he would not lose consciousness but the right arm and leg would "draw up” and 
he would lose the power of speech. Examination revealed no abnormality except that rapid 
alternating movements were performed poorly by the right upper extremity 

Electro-encephalography showed delta waves, usually rather irregular, but sometimes 
sharp and clear at a frequency of about 2 per sec. These were quite sharply confined to the 
left frontal area. Fig. 14 shows tracings from the left frontal, right frontal and right tem- 
poral areas. Two per sec; waves are seen in the tracing from the left frontal area only. 



Fig, 14. Case 10. At 1, delta waves over tumor. 

Ventriculography showed displacement of the anterior ventricular system downward 
and to the right. At operation a large glioma (astrocytoma) was found occupying the cen- 
tral portion of the left frontal lobe, extending backward almost to the precentral sulcus. 
The antero-superior one-third of the left frontal lobe was amputated and the tumor ex- 
tensively removed. He has had no further attacks and has made an excellent recovery. 

Case 11. (M. L., No. 115439), a white female, 34 years of age, was first admitted on 
May 19, 1935 complaining of left-sided convulsive seizures and weakness ol the le 
of the body. For 7 years she had suffered from three or four convulsive attacks a year, 
convulsive movements involved only the left side of the mouth, the left arm and 
some of the attacks consciousness was lost. In September, 1933, she began toaeve op 
ness of the left arm and in July, 1934, the left leg became similarly affected, this , 

grew progressively more severe. In July, 1933, a pneumo-encephalogram was per 
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elsewhere which was said not to indicate the presence of a tumor Examination revealed 
little or no facial weakness but a marked weakness with severe spasticity in the left upper 
and lower extremities The tendon reflexes were all hyperactive on the left side and 
Babinski’s sign was present The abdominal reflexes were absent on the left side Keflex 
forced grasping was present in the left hand Sense of position was impaired in the fingers 
and toes on the left side 

At operation on May 25, 1935, a large glioma (astrocytoma) presented on the surface 
of the postero superior portion of the left frontal lobe It measured 6X5 cm on the surface 
It extended posteriorly to the antenor margin of the pre central gyrus and interiorly to the 
inferior margin of the second frontal convolution An extensive block dissection was made 

Following this operation she continued to have a severe left hemiplegia Convulsions 
were readily controlled With phenobarbital but returned whenever the medication was 
omitted In June, 1937, she began to suffer from occasional attacks of severe headache, 
nausea and vomiting On November 10, 1937, the decompression began to bulge markedly 
and she was readmitted on November 12, 1937 Examination revealed nothing additional 

At that time electro encephalography was done It revealed slow negative swings in 
both frontal leads equally These occurred roughly about once in five seconds, were not 
seen in the other leads Large alpha waves were present in both occipital leads and were 
also obtained, although in a more broken fashion and not so continuously, from the whole 
cranial surface They appeared to be somewhat increased m amplitude Over the region 
of the tumor occasional small runs of delta waves having a frequency of 1 3 per sec were 
seen They were of small amplitude and somewhat obscured by the concomitant faster dis 
turbances which were largely of alpha frequency Fig 15 shows an electro encephalographic 
tracing using two channels, one from each temporal region The one on the right temporal 
region shows small 1 3 per sec waves in contrast to the one from the opposite side which 
shows none Marks have been placed below the record to emphasize the delta waves 
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Fig 15 Case 11 At 2, small delta waves from region of large tumor 

This patient died suddenly on the following day Autopsy revealed on the right side a 
very extensive, deeply seated infiltrating glioma extending from the central sulcus about 
two thirds of the distance to the tip of the frontal lobe, crossing m the corpus callosum and 
involving the left frontal lobe to some extent This case is presented as an example of a 
large tumor with minimal findings It is possible that the subtemporal decompression may 
have lowered the local pressure and reduced the electrical disturbances 
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I. Introduction 

The physiological significance of the cerebral cortex is not completely re- 
vealed by its responses to electrical stimulation, but the results of surgical 
ablation of these areas, when correlated with results of electrical stimulation 
give more complete insight into its function. In this paper the effects of sur- 
gical removal of the "motor face areas” will be presented and the results 
correlated with the electrical excitability of these regions (Walker and Green, 
1938). The results offer a more complete physiological basis for localization of 
cerebral lesions. 


II. HISTORICAL NOTE 

Bouillaud introduced in 1830 the experimental approach to cerebral localization. His 
investigations of the effects of local cortical ablations in dogs on vocalization pointed to a 
localization of function within the cerebral cortex. Clinical observations (Broca, 1861-63), 
have been largely concerned with the speech defects from cortical destruction (Delavan, 
1885), the less striking somatic phenomena being relegated to the background. With the 
advent of neurological surgery (Nancrede, 1888, and Lloyd and Deaver, 1888) observations 
on the effect of local ablations and extensive cortical resections (Dandy, 1933; Gardner, 
1933) involving the face motor area have multiplied rapidly; experimental studies, how- 
ever, have not been extensive. 

Griinbaum and Sherrington (1903) described a crossed hemiparesis involving the lower 
facial musculature following ablation of the face area of a chimpanzee. In 1917, Leyton 
[Griinbaum] and Sherrington removed from a chimpanzee the cortex of the left precentral 
gyrus which upon electrical stimulation caused closure of the eyelids, but could detect 
no abnormality in the appearance of the animal. Even after removal of the comparable 
area of the right hemisphere, the eyelids were readily closed, although much less vigorously. 
Subsequent cortical stimulation did not produce movement of the eyelids. In another 
chimpanzee removal of the entire left precentral cortex, with the exception of a strip 1-2 
mm. wide along the central sulcus, caused a right sided flaccid paralysis with bagging o 
the check. The nasal fold was less marked and the lips remained slightly open on the ng i 
side. "The tongue lay with its midline, especially just behind the tip, slightly to the le 
of the midline of the mouth,” but no difference could be detected in the posture or niove- 
ment of the forehead, eyebrows or upper eyelids. In a third chimpanzee ablation of t e 
inferior part of the precentral convolution anterior to the electrically excitable cortex w c 1 
yields movements of the face (corresponding to areas 6ba and 6b|S) caused no paralysis or 
other disturbance except "possibly slightly increased excitability.” There was no change m 
vocalization. 

Decorticate dogs have been studied by Goltz (1892), Zeliony (1913), and , 

(1910, 1923), decorticate cats by Dusser de Barenne (1919), Bard and Rioch (1937), an 
Hambourger (1937), and decorticate monkeys by Karplus and Kreidl (1914). Bar a 
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Rioch conclude "it is clear that the basal olfactory areas together with th® associated 
ventral portion of the striatum and lower centers with which they are connected, namely, 
the hypothalamus, sub thalamus and reticular substance of the brain stem, are capable of 
elaborate feeding reactions of a highly complicated type ” 

III METHODS 

For adequate study of the functions of the various areas and determination of the fac- 
tors responsible for recovery, several types of experimental procedure wefe employed 
unilateral and bilateral extirpations of areas 4 and 6 (face region), simultaneously or suc- 
cessively, and section of the peripheral hypoglossal nerve The term, area 4c, will be used 
to refer to the face portion of area 4 only and area 6 (face) will be taken to include areas 
6b a, 6b 0 and the lower portion of area 6aa The landmarks of these areas have already been 
described (Walker and Green, 1938) In all animals the extent of the lesion has been verified 
by complete serial section of the lesion and also of a generous amount of adjacent cortex 
The ablated tissue was studied microscopically, in some cases in serial sectiO ns I n many 
instances the cortex was stimulated just prior to sacrifice to determine physiologically the 
completeness of the lesions The type of operative procedure, duration of the period of ob- 
servation and other pertinent data concerning the animals used in this investigation are 
included m Table I in which areas 4 and 6 refer to the face portion of these areas, te , to 
areas 4c and 6a and b (lower part) 


IV. Results 

I. Unilateral ablation of the entire face areas 4 and 6 
Areas 4c and 6 . — Following complete unilateral ablation of the motor and 
premotor face areas the muscles of the lips are completely paralyzed, the 
palpebral fissure is wider and closure of the eyelid weaker on the contralateral 
side. The buccal pouch on the paralyzed side becomes distended, and food, 
lod&vng between, the teeth and cheek, falls from the buccal cavity * The body 
of the tongue lies in the midhne, or slightly to the paralyzed side, with the 
distal third curled to the side of the lesion and the extreme tip at times curled 
underneath and towards the opposite side. Stimulation of the floor of the 
mouth on the paralyzed side causes vigorous rotation of the tongue to that 
side, but stimulation of the other side elicits little or no response. The ipsi- 
lateral half of the tongue seems to contribute to the movements to a far greater 
extent than the contralateral half. When the tongue is protruded it assumes 
an exaggeration of the resting position. A month after operation the palpe- 
bral fissures are equal and a considerable degree of facial movement has 
become apparent. After about three weeks the tongue can be rotated to the 
side of the lesion, but never as fully as to the contralateral side. 

Experiment 1. Initial ablation of left face areas 4 and 6 Severe transient paresis of contra- 
lateral facial muscles and tongue Macaca mulatto, A 6 62 Weight, 2700 gms 

First operation, January 5, 1936 Under sodium amytal anesthesia a lef £ osteoplastic 
flap was reflected, the pia incised with the Bovie unit, and the cortex of areas 4 and 6 (face 
area) ablated by a subpial dissection 

Postoperative notes — 2nd day The animal was in good condition The n^ht palpebral 
fissure was slightly larger than the left, and there was a marked weakness of the right lower 
facial muscles The body of the tongue lay in the midline but the tip curled to the left 
Stimulation of the floor of the mouth on the right side resulted in vigorous rotation of the 
tongue to the right, whereas similar stimulation of the left side caused practically no 
movement Vocalization was poor, but swallowing normal 

5th day. The reaction to pin prick on the right cheek and shoulder seemed slightly di- 
minished The masseters contracted equally well on the two sides The jaw jerk was not 
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TABLE I 


No. 

Ani- 

mal* 

Operations 

Inter 

operation 

Total post- 
operative 
observation 

Termi- 

nal 

stimu- 

Comment 




interval 

period 

lation 


33 

M 

Initial ablation: left 

5 mos. 

11.5 mos. 

Yes 




areas 4 and 6; secondary 
ablation: right areas 4 







and 6 





62 f 

M 

As above; tertiary abla- 

1 mo. 

8 wk. 

Yes 

Respiratory 



tion, left inferior postcen- 

| mo. 



tracings made 



tral gyrus 




pre- and post- 
operatively 

34 

M 

Ablation left areas 4 


8 wk. 


Died immedi- 



and 6 




ately following re- 
moval right areas 







4 and 6 

55 

M 

Same 


16 days 


Marchi degen- 
eration 

35 

M 

Ablation right area 6 


4.5 mos. 


Left cortex ex- 






1 posed previously; 
stimulation un- 
satisfactory 


46 

M 

Ablation left area 6 


14 days 


Marchi degen- 
eration 

56 

M 

Ablation left area 4 


14 days 


Marchi degen- 
eration 

S.P. 16 

B 

Ablation left area 4 


5 mos. 

Yes 


S.P. 19 

B 

Ablation left area 4 


2 mos. 

Yes 


61 1 

M 

Initial ablation: left 

2 wks. 

2 mos. -f + 



and right areas 4; second- 
ary ablation, left area 6 




Sacrificed on 8th 


32 

M 

Ablation left and right 


8 days 




areas 4 and 6 



postoperative day 
scalp infection 


65 1 

M 

Ablation left areas 4 
and 6; section left hypo- 


4 wks. 

Yes 


63 f 

M 

glossal nerve 

Initial ablation, left 

2 wks. 

6 wks. + 

Yes 

Respiratory 


area 6; secondary abla- 




tracings made 



tion, right area 6 




pre- and post- 
operatively 

70 

M 

Section left hypoglossal 


5 days 





nerve 





71 

M 

Initial left hemidecor- 

6 wks. 

7 wks. 





tication; secondary right 
hemidecortication 





72 

B 

Same 

2 mos. 

2 mos. 


— 


T M — monkey; B — baboon. . , , , - 

t Brief abstracts of the protocols of animals Nos. 62, 63, 61 and 65 are mclud 
paper as Experiments 1, 2, 3 and 4 respectively. . , . - _ „r j-i,,. 

At the beginning of this investigation reliance was placed mainly on obserya 
behavior of the animal in the cage — its cry, emotional expression and masticatio . 
became evident that these activities depended upon primitive mechanisms 
lesions affected only slightly. Further procedures therefore were introduced, to +j. e 

a blunt probe the outside of the cheek, the buccal mucous membrane, the tongu , 
soft palate, comparing the complexity of the responses, on the paralyzed ® ia ® *i )e 

of the normal side, or with those of the normal animal. These tests made P , . e 
detection of abnormalities in the motor performance of the facial and lingual re _ 

which would otherwise have gone unnoticed. Observation of the animal s at P ar fj cu . 
move the irritating probe from the mouth or prevent its entrance was found to v 
larly informative. 
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exaggerated The left cheek moved vigorously when touched but the right was immobile 
when similarly stimulated Food remained in the right side of the mouth between the cheek 
and teeth but the food pouches were about equally filled 

6th day The right palpebral fissure continued larger than the left and the right lower 
facial weakness was prominent Part of the time the tongue lay in the midline and at other 
times slightly to the right of the midline the tip curled always to the left and usually lay to 
left of the midline Rotation of the tongue as described above was again noted The left 
side of the tongue seemed to participate in this movement much more than the right The 
temperature response to cooling and warming was the same on the two cheeks 

12th day There was a slight movement of the right side of the face but much weaker 
than the left The weakness was much more apparent on volitional than on emotional 
grimacing The tongue was rotated and deviated to the right much better than to the left 
No dysphagia was present and vocalization was good 

21st day Only a slight facial weakness was present The body of the tongue was m the 
midline with the distal third to the right of the midline the extreme tip curled underneath 
and to the right The tongue could be rotated and deviated to either side, but both move 
ments were through a fuller range to the right 

27th day The palpebral fissures were equal The right side of the mouth moved fairly 
well both voluntarily and emotionally but movements were less marked than on the left 
The tongue could be protruded but usually the distal third was slightly to the left with the 
extreme tip curled to the right The animal vocalized well On the 28th day following the 
first operation the motor face" cortex was removed from the right hemisphere The sub 
sequent findings are presented in Section 2 p 266 (see also Experiment 4, Section 5, 
p 273) 

Unilateral extirpation of area 4c Removal of area 4c resulted m a marked 
paresis of the opposite lower facial musculature lasting from 8 days to over 5 
weeks, and slight widening of the contralateral palpebral fissure The longer 
paresis would appear to be more characteristic since the rapid recovery oc 
curred m an animal m which a fringe of electrically excitable area 4c cortex 
remained The range of lingual movement was markedly diminished, par- 
ticularly when the animal attempted to execute complicated motions with 
the tongue In its resting position the body of the tongue lay approximately 
in the midhne Rotation of the tongue to the ipsilateral side was impaired 
Later (5-6 weeks) this function was partially recovered 

Unilateral extirpation of face area 6 Ablation of the lower part of areas 
6aa, 66a and 66(5 produced a transient paresis of the contralateral lower facial 
musculature but no inequality of the palpebral fissures The tongue usually 
lay in the midhne and in response to stroking the floor of the mouth deviated 
and rotated only to the side opposite the lesion In contrast with the sequelae 
of area 4 lesions these signs disappeared rapidly By one week the tongue 
could be moved equally well to either side and the paresis of the Up was almost 
gone 

Experiment 2 Ablation of left area 6 (face) , transient contralateral facial weakness and 
lingual paresis Macaca mulatta A 6 63 Weight 2800 gms 

First operation June 15, 1936 Under sodium amytal anesthesia a left osteoplastic 
craniotomy was performed Using subpial dissection area 6 (face) was ablated 

Postoperation notes 2nd day The nght corner of the mouth drooped slightly but could 
be retracted The masseters contracted strongly, the tongue lay slightly to the left of the 
midline, and could be rotated and deviated fully to the nght but poorly to the left 

day The masseters contracted equally on both sides The slight right lower facial 
weakness was still evident The tongue lay in the midhne and could be rotated and deviated 
equally well to either side The voice was normal 
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12th day. There was a slight lag in retracting the right angle of the mouth, but otherwise 
no abnormalities were apparent in the cranial nerves. On the thirteenth postoperative day 
the right face area 6 was removed (see p. 270). 

2. Bilateral ablation of the motor and premotor areas 

Practically complete loss of motion of the lower facial muscles and of the 
distal half of the tongue occurred initially. The pouches remained filled; food 
clung between the teeth and the cheeks and spilled from the buccal cavity. 
The voice was a feeble chirp or low pitched and husky; the characteristic 
noisy chatter and variation of intonation were absent. The bite was often 
weak or more often was normal. Slight movement of the angles of the mouth 
and rotation of the tongue could be elicited within about three weeks, by which 
time also the distention of the pouches had become less prominent, but com- 
plete recovery of movement did not occur. Stimulation of the posterior wall 
of the pharynx elicited a contraction of the posterior half of the tongue rarely 
sufficient to protrude the tip past the lower teeth. Only weak contractions of 
the intrinsic muscles of the distal third of the tongue could be seen. 

Experiment 1 ( continued ). Secondary ablation of right face areas 4 and 6; severe bilateral 
facial and lingual paresis with slow recovery. Tertiary ablation of inferior portion of left post- 
central cortex; practically no change in motor status (continued from p. 265). 

Second operation. February 2 , 1936. Twenty-eight days after ablation of the left face 
areas 4 and 6 the animal was anesthetized with sodium amytal and a right osteoplastic 
flap reflected. The central, inferior precentral and sylvian sulci were opened and the cortex 
lying between them removed in one piece. The lesion extended superiorly to the vein mark- 
ing the upper border of the face area. 

Postoperative notes. Neither hand was used well and food fell often from the hands dur- 
ing feeding. The mouth was opened and closed readily. The response to pin prick was equal 
on the two sides of the face. The right cheek retracted slightly when the right side of the 
buccal mucous membrane was irritated, but no response occurred on the left side to such 
stimuli. The tongue lay flat in the mouth; only its posterior half moved. Food hung from 
the lips and corners of the mouth. No jaw jerk could be elicited. The voice was low pitched 
and feeble. 

29th day. The right palpebral fissure was larger than the left. Both eyes could be closed 
strongly. The only lingual movement was elevation of the posterior half of the tongue. 

30th day. The grimacing characteristic of the macaque monkey was not seen and the 
lower facial muscles were immobile, except for a slight retraction of the right cheek when 
the buccal mucous membrane was irritated. The masseters contracted forcibly on both 
sides. The animal made no attempt to swallow when food or water was placed in its mouth. 
Accordingly 200 cc. of milk were given by stomach tube. The palpebral fissures were equal. 

32nd day . The movements of the right side of the face were increased in range and 
strength. The voice was stronger but still low pitched and lacked the usual range of intona- 
tion. The palpebral fissures were equal and the eyelids closed vigorously. 

37th day. The right cheek could be retracted slightly but retraction of the left cheek was 
still absent. The tongue lay in the midline; the only movement observed was elevation o 
its body. 

40th day. The left food pouch was full, the right empty. The tongue was protruded over 
the teeth, but was not rotated. ,, 

Third operation. February 17, 1936. On the 15th day following the second operation me 
animal was anesthetized with sodium amytal, the left bone flap reelevated, and tie m 
ferior portion of the postcentral convolution ablated. , 

47th day. The left food pouch which had been consistently dilated was now aoou 
same size as the right. There was perhaps slightly increased tone in the right food pou > 
when tested with the examining probe. The right corner of the mouth could be re “ ac , ,, 
but the left remained immobile. There was about 10° rotation of the tongue to e 
with slight curvature of the body to the right. 
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49th day Both angles of the mouth could be retracted about 2-3 mm upward and bock 
ward The animal still had difficulty keeping food in its mouth The cry remained weak 
There were gross movements only in the posterior and middle thirds of the tongue with 
only slight changes in contour of the distal third The tongue could be rotated about 20-30“ 
to either side and protruded about 2 mm over the teeth 

57th day The findings were approximately the same as previously Only the posterior 
one third of the tongue could be rotated Slight narrowing of the distal third of the tongue 
occurred during elicitation of the gag reflex 

Terminal stimulation March 2 1936 On the 13th day after the third operation the am 
mal was anesthetized with ether and the operative sites on the cortex of each hemisphere 



Fig 1 Photomicrograph of a serial section through the cortex of the right face area 
in Experiment 1, including the central sulcus and the tissue remaining immediately an 
tenorly to this sulcus The section is taken through a point in the cortex, marked with 
India ink, which yielded retraction of the left angle of the mouth and slow deviation of 
the tongue to the left at the terminal stimulation experiment 

reexposed No responses could be obtained upon stimulation of the cortical face area on the 
left side, but on the right, from a point on the central sulcus, retraction of the left angle of 
the mouth and slow deviation of the tongue to the left were produced (see Fig 1) Another 
point below the inferior precentral sulcus gave rise to rhythmical movements of the tongue 
and jaw 

Postmortem examination Body weight 2400 gms, brain weight 65 gms Gross examina 
tion of the body showed no abnormalities In the right hemisphere the ablation damaged 
the inferior portion of area 3 The anterior inferior part of the ablation was bounded by 
granular frontal cortex except for the most inferior sections in which agranular frontal 
cortex was present on the anterior margin of the lesion Hence practically all of areas 4c and 
6 (face) had been removed In the left hemisphere the lesion extended superiorly along the 
posterior lip of the inferior limb of the precentral sulcus damaging only superficially the 
granular cortex anterior to the latter sulcus It extended postenorly to the central sulcus, 
crossed it and passed just below the inferior tip of the intrapanetal sulcus The posterior 
margin of the ablation was bounded by area 2 cortex, area 7 and the cortex of the island 
of Red appeared not to have been damaged (Fig 2) 

Bilateral ablation of area 4 Immediately following a bilateral extirpation 
of area 4 the range of movement of the muscles of the lower half of the face 
was markedly diminished, although sucking movements could be ob tamed by 
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Fig. 2 Drawings showing the external con^ 
ablation observed in the serial sections o similar figures to follo "’- ^ l d 

= anterior subcentral sulcus. _ tori or wall 

stroking the dorsum of the tongue. . Vlg “ 0 ^ S e S p™^o r °part with forward and 
of the pharynx elicited slight humping P contraction in the anterior 

backward movement but no evidence of active rotation of 

two thirds of the tongue. After movement increased m 

the tongue to either side could be obtained and th* possible to ob- 

range until about 60° rotation was P resent ’ b ^ after two months, sbght 
tain significant deviation of the tongue^ in narrowin g of the 

contractions could be observed m the distal halt, 

tip, the tongue was poorly protruded. flnd lingU al 

Experiments. Simultaneousbilateml ablation f^ease m right facial and lingua 

-r, ssrunts: 



ABLATION OF THE CORTICAL MOTOR FACE AREA 269 

First operation May 29, 1936 Under nembutal anesthesia, a bilateral osteoplastic 
craniotomy was performed The pia was incised with the Bovie unit and area 4c on each 
side ablated 

Postoperative notes — 1st day The animal was in good condition Both corners of the 
mouth retracted feebly when the animal attempted to bite Eye movements were normal 
The bite was vigorous, the cry high pitched The tongue could be moved forward and back- 
ward, but lateral deviation was not observed 

6th day There appeared to be some excessive salivation, perhaps due to inability to 
prevent the saliva from drooling from the corner of the mouth The reactions of the orbital 
and ocular muscles were normal 

9th day Food was constantly present between the teeth and cheeks, and the mouth ap 
peared more unkempt than normal for a monkey 

13th day The weakness of cheek muscles was still prominent but the range of retrac 
tion of the lips was increasing The tongue lay in the midhne and was moved forward, 
backward and sideways slightly Its posterior half could be elevated Most of the move 
ments were made with the body of the tongue, the tip remaining immobile The jaw jerk 
was not exaggerated 

28th day The tongue moved forward and backward as a unit while the tip remained 
stationary, thus forward movements resulted in doubling the tongue over itself The tip 
was not moved out over the lower teeth and no rotation was present 

44th day Facial and labial, and biting and crying movements were feeble The tongue 
could be rotated 20-30° to each side A swallowing reflex could be elicited by stroking the 
posterior wall of the pharynx but the associated tongue movement was limited to its pos- 
terior part 

56th day Both sides of the mouth retracted slightly, the left better than the right when 
the animal was excited or cried, but the reverse was true when the movement was voli 
tional Sucking movements were made with the bps and tongue when the tongue was 
stroked The food pouches were empty Contraction of the intrinsic muscles of the distal 
third of the tongue with slight narrowing was observed for the first time The tongue 
could be rotated about 60° to the left and 45° to the right The tongue was extended in 
the midhne 2-3 mm over the lower teeth 

Second operation July 24, 1936 On the sixtieth day after the first operation the animal 
was anesthetized with ether and the left face area reexposed Stimulation of remaining 
cortex yielded only slight retraction of the right angle of the mouth from a point high 
along the central sulcus in the face area and rhythmical movements of the tongue from 
along the inferior precentral sulcus The cortex lying anterior to the previous ablation, 
inferior to the precentral sulcus, and extending to the sylvian sulcus was ablated by blunt 
dissection, the dura replaced but not sutured, and the bone flap replaced 

57th day When the animal cned, the left side of the face was retracted sufficiently 
to expose the molars, the right side enough to expose the incisors Stroking the cheeks re 
suited in better pursing movements on the left The left palpebral fissure was slightly 
larger than the right Stroking the tongue resulted in pursing of both lips, narrowing of 
the distal third of the tongue and elevation of the jaw The tongue could not be deviated 
nor protruded to the teeth, but could be rotated about 30“ to the right and only about 10° 
to the left, and could not be deviated There was increased resistance to opening the jaw 
58th day The palpebral fissures were equal The lips moved to a greater extent on the 
left than on the right in response to both excitement and stroking the cheek The tongue 
rotated about 15° to the left but none to the right 

61st day The tongue rotated to the right about 20° and to the left 5° No movements 
could be elicited m the tip of the tongue 

65th day Both cheeks could be retracted about 2-3 mm The posterior half of the 
tongue rotated about 20° to either side upon stimulation of the floor of the mouth When 
the gag reflex was elicited the tongue was pushed forward to the teeth No deviation of 
the tongue but slight narrowing of the distal tip was observed 

Terminal stimulation On the 9th day following the second operation the animal was 
sacrificed under deep anesthesia Because of extensive adhesions it was deemed unwise to 
attempt to remove the dura over the left cerebral cortex The cortex on the right side was 
exposed and stimulated with 60 cycle alternating current Complex rhythmical jaw and 
tongue movements were obtained from the remaining cortex of area 6 Stimulation of the 
anterior margin of the central sulcus in the upper part of the face area produced retrac 
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tion of the left angle of the mouth and deviation of the tongue to the left. Points a short 
distance from this anteriorly and posteriorly gave the same response, but with a longer 
latency (spread ?). 

Postmortem examination. Body weight 2700 gms.; brain weight 75 gms. Gross examina- 
tion of the body showed no abnormalities. In the right hemisphere the lesions involved 
all of area 4c, except a strip along the anterior margin of the central fissure. It damaged 
the adjacent areas 6aa, 6bj3 and 3 but did not involve the frontal granular cortex or the 
postcentral convolution. In the left hemisphere the lesion almost completely removed 
areas 4c and 6a«, 6ba and 6b/3 from the inferior part of the precentral convolution and 
damaged the cortex of the frontal granular region. Two softenings, one in the postcentral 
convolution and a second in the temporal region, complicated the ablation (Fig. 3). 



Fig. 3. Drawings showing the external configuration and the extent of the cortical 
ablation in Experiment 3. See Fig. 2 for legends. L, incision made in right cortex toward 
the end of the terminal experiment. 


Bilateral ablation of area 6. Initially there was paresis of the lips and reduc- 
tion of the range of lingual movement. Within one week the movement of 
the cheek and lingual muscles greatly increased and contractions were ob- 
served in the intrinsic tongue muscles. By the end of four weeks it was difficult 
to detect any signs of paralysis. 


Experiment 2 continued. Secondary ablation of right area 6 (face); transient bilateral 
facial and lingual paresis. (Continued from p. 266.) . ,, , 

Second operation. June 28, 1936. On the 13th day after ablation of the left area ( a 
a right osteoplastic craniotomy was performed under sodium amytal anesthesia an a 


6 (face) removed by subpial dissection. 

14th day. There was a slight bilateral facial weakness. The tongue lay in 


the midline 


but was not rotated well to either side. , i n 

17th day. The masseters contracted well. The jaw jerk was not exaggerate - 
side of the face lagged slightly behind the right when the comers of the mou 


tracted. Vocalization and swallowing were normal. 
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21st day No facial weakness could be detected The tongue could be protruded well 
past the teeth, rotation was limited to 45 c to either side and deviation was slightly impaired 
to both sides The intrinsic muscles of the tongue contracted vigorously 

37th day There was no facial or lingual weakness The animal appeared normal 
Terminal stimulation experiment On the 32nd day after the second operation the animal 
was anesthetized with ether and the cortex stimulated Typical sustained responses were 
obtained from the remaining cortex of area 4 on both sides On the left side rhythmical 
movements of the tongue and jaws were elicited from the posterior margin of the ablation 
(see Fig 4) 


\ 



A B 


Fig 4 Photomicrographs of two serial sections of the cortex in Experiment 2 In 
this experiment an attempt was made to remove area 6 (face) bilaterally On terminal 
stimulation rhythmic movements of the tongue were obtained from excitation near the 
left anterior subcentral sulcus Here transitional cortex (6ba and 3b) with large cells m 
the lower portion of the third and upper parts of the fifth layer were found (Section A) 
On the opposite side no such response could be obtained and histologically there was no 
semblance of area 6b a tissue (Section B) 

Postmortem examination Gross examination of the body showed no abnormalities 
In the right hemisphere the lesion had almost entirely removed area 6, damaged a small 
part of the lower portion of area 3, and undermined a small portion of the granular frontal 
cortex On the left side the lesion had entirely spared area 3 removed most of the lower 
part of area 6, and slightly damaged the frontal granular cortex (see Fig 5) 

3 Observations peculiar to serial ablations of the cortex 
When the ablations of the motor face areas are earned out m sequence 
the paralysis resulting from removal of the second area is more than double 
that resulting from unilateral extirpation There is considerable recovery m 
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the retraction of the angle of the mouth opposite the initial lesion after about 
two months. Immediately after the second operation the movements of this 
cheek are greatly impaired, but recover more rapidly than those of the newly 
paralyzed cheek. About two months after the initial lesion, the tongue can be 
rotated normally to the contralateral side and has recovered about 45-60° 
motion towards the side of the lesion; but immediately after the second opera- 
tion this recovered movement to the ipsilateral side is markedly decreased 
and never completely recovered (see Experiment 1, Section la, p. 263; and 
Section 2, p. 266). 

While removal of area 4c subsequent to a bilateral extirpation of area 6 
(face) would be of interest its particular significance was not considered im- 



Fig. 5. Drawings showing the external configuration and extent of the 
cortical ablation in Experiment 2. See Fig. 2 for legends. 

portant, becauseof the normally greater degreeof paralysis following the former 
operation compared with the latter. However, the effect of removal of an area 
6 (face) subsequent to a bilateral removal of area 4c should give a clue to the 
function of area 6 (face), particularly the part the latter might play in re- 
covery. In one animal (Experiment 3, Section 2, p. 268) that recovere 
motility in the lips contralateral to the second ablation was considerably de- 
creased, rotation of the tongue was diminished, and the activity of the m- 
trinsic muscles of the distal third was impaired. This difficulty was not as 
permanent as that seen in complete bilateral ablations of the motor face areas 
perhaps explicable by ipsilateral innervation from the remaining area 6 (face). 

4. Generalizations common to all lesions 
A number of findings, mainly negative, were common to most lesions. 
In many animals the bite was weak for the first few hours postoperative y 
but after the second day no reduction in strength could be detected, o e 
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nite deviation of the jaw was noted and the two masseters always contracted 
equally. Dysphagia was never apparent. A definite jaw jerk was present only 
in one monkey which had had a complete bilateral decortication In a few 
animals slight paresis of the arms was seen, probably due to coincidental 
damage to the suprajacent arm area. Although movements of the ears can- 
not be judged accurately because of the operative procedures no loss of motion 
was apparent Transient diminution of sensation about the face appeared to 
be present in one animal 


5. Ipsilateral representation 

In our previous paper it was demonstrated that movements of the tongue 
can still be produced by cortical stimulation of the contralateral face area 
after the hypoglossal nerve has been sectioned, and that in the normal 
animal rotation and deviation to either side can frequently be obtained by 
stimulation of a single area These findings suggest that each half of the 
tongue is bilaterally represented in the cerebral cortex, or m other words, that 
there is ipsilateral cortical representation of the lingual muscles In order to 
test this assumption further in a chrome experiment, the entire face area was 
removed from one hemisphere and the hypoglossal nerve sectioned on the 
same side. In this preparation lingual movements had to originate either sub- 
cortically or in the ipsilateral hemisphere. 

Experiment 4 Simultaneous ablation of the entire left face area and section of the left 
hypoglossal nerve , right facial paresis and severe impairment of lingual movement Macaca 
mutatta A 6 65 Weight 2400 gms 

First operation July 8, 1936 Under sodium amytal anesthesia a left osteoplastic flap 
was reflected The piawas incised with the Bovie unit and areas 4c and 6 of the face re- 
gion were extirpated Especial care was exercised to remove all area 4 tissue from along 
the central sulcus At the same time the left hypoglossal nerve was sectioned below the 
ramus of the jaw. 

Postoperative notes — 3rd day The right side of the cheek was completely immobile ex- 
cept for slight retraction in emotional crying The palpebral fissures were equal but a little 
more firmly closed on the left The masseters contracted equally and strongly The tongue 
lay motionless in the floor of the mouth When the swallowing reflex was elicited the tongue 
elevated only posteriorly and slightly in its middle third Considerable food was present 
in the buccal cavity — perhaps an indication of dysphagia 

6th day There was no real change m the status of the facial and lingual musculature 

18th day The palpebral fissures were equal The nght facial muscles moved feebly The 
tongue at rest was slightly curved to the right side with the tip definitely to the right The 
tongue could be rotated and deviated to the nght fairly well but poorly to the left There 
was no active movement of the left side of the tongue It could be protruded past the teeth 
although usually somewhat to the right of the midline 

21st day There was poor volitional retraction of the nght side of the mouth but it 
was strong under excitement, although less than on the left At rest the tongue lay in the 
midline with the tip slightly curved to the nght When the tongue was stroked there was 
slight closing of the jaw and a pursing movement of the lips The tongue could be rotated 
about 60° to the right and 20° to the left Deviation of the tongue was observed to the right 
only 

26th day The right corner of the mouth could be retracted feebly, and closure of the 
lips on the nght side was weak Stroking the floor of the mouth produced deviation of the 
tongue so that the tip was placed over the nght lower incisor, but no deviation could be 
obtained to the left The body of the tongue could be rotated about 45° to either side and 
the distal third to the nght about 60° but not more than 20° to the left Stroking the pos- 
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V. Discussion 

Hughlings Jackson has emphasized that lesions of the cerebral cortex 
manifest themselves either by negative (paralyses) or positive (release) 
phenomena in either the somatic or autonomic spheres. Disorders of the 
former sphere, seriously impeding the activities of the individual, are more 
striking and impressive than those of the latter, and only recently have been 
reemphasized. 

Motor disturbances (paralyses). Stimulation of the monkey’s motor face 
cortex (Walker and Green, 1938) yields; (i) contractions of the lower facial 
musculature, limited almost solely to the contralateral side; (ii) contractions 
of both contra- and ipsilateral lingual musculature; (iii) occasionally and 
almost always bilaterally, movements of pharyngeal, laryngeal or upper 
facial muscles. It would be expected then that the negative phenomena result- 
ing from unilateral ablation of these areas would not be a general paralysis 
but would show certain predilections; this indeed has been strikingly true. 
The most conspicuous weakness is that of the lower facial musculature; im- 
pairment is less pronounced in the tongue, and least of all in the pharyngeal, 
laryngeal and upper facial muscles. Recovery takes place in the reverse 
order, so that when little or no abnormality of the lingual musculature can 
be detected a lower facial weakness is still apparent. Evidence from the 
results of capsular lesions or cortical resections involving the face motor area 
(Grinker, 1934; Wechsler, 1935; Dandy, 1933; Gardner, 1933) indicates a 
similar relationship in the human being. If the motor face area be removed 
bilaterally the lingual as well as the lower facial movements are much im- 
poverished, and those of the pharyngeal and laryngeal to a considerable ex- 
tent impaired, while those of the upper facial muscles are but little depressed. 
From these observations during stimulations and after ablations one may con- 
clude that, in the monkey, the lower facial and lingual musculatures are ex- 
tensively, the pharyngeal and laryngeal considerably, and the upper facial 
musculature but little represented in the cerebral cortex. 

A comparison of the results of stimulation both before and after section 
of the contralateral hypoglossal nerve, with those of unilateral, and bilateral 
removal of the motor face areas, and with those of ablation of one motor 
face area plus section of the ipsilateral hypoglossal nerve, leads one to the 
conclusion that in the monkey, although the lower facial musculature has 
largely a unilateral cortical representation, the lingual, laryngeal and pharyn- 
geal muscles have extensive bilateral representation and that even the slight 
cortical representation of the upper facial musculature is largely bilateral. 
This last conclusion is in keeping with Leyton and Sherrington’s (1917) ob- 
servation in the chimpanzee. 

The clinical manifestations of lingual involvement by a unilateral cortical, 
subcortical, or peripheral nerve lesion especially the deviation to the para- 
lyzed side and poverty of movement, are all described in textbooks (Grinker, 
1934; Wechsler, 1935; Jelliffe and White, 1935). Observations on experi- 
mental animals are necessarily incomplete. Monkeys with unilateral lesions 
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of the face areas 4, or 4 and 6 show the deviation of the tongue to the para- 
lyzed side, and the poverty of movement characteristic of the clinical lesion. 
In addition, markedly impaired rotation of the tongue to the normal side was 
a characteristic feature of the unilateral preparations, although such a phe- 
nomenon does not appear to have been described cli ni call y. 

Although rhythmic movements are consistently obtained from electrical 
stimulation of 66a, it is unlikely that their rhythmic nature is elaborated in 
the cortex since: (i) Magoun, Ranson and Fisher (1933) were able to obtain 
the similar rhythmic movements (lapping and mastication) from stimulation 
of the white matter of the internal capsule and basis pedunculi, and (ii) 
animals with bilateral ablation of the motor face areas and even complete 
decortications possess these movements sufficiently well to chew food and in 
some cases to east unassisted. 

Autonomic disturbances. In a previous paper (Walker and Green, 1938) 
respiratory changes and salivation were described as a result of stimulation of 
the premotor face area. Respiratory tracings have been made pre- and post- 
operatively from two animals, but no alterations were detectable. Following 
bilateral ablation of the motor face area drooling of saliva from the corners of 
the mouth is present for over a week. Whether this represents true sialorrhea, 
or is merely the result of inability to swallow is impossible to say in the ab- 
sence of quantitative determinations of salivary flow. Skin temperature meas- 
urements of the face and extremities were recorded in one animal (Experiment 
1, p. 265) after unilateral ablation of the face motor and premotor areas but 
no difference could be detected during or after change of the environmental 
temperature. The temperature of both sides of the face followed closely the 


rectal temperature. 

Release phenomena. It is difficult to evaluate the r61e of "release” in the 
signs present following cortical ablations. Spasticity which is the outstanding 
phenomena in the extremities after lesions of the motor and premotor cortex, 
is difficult to determine in facial and lingual muscles. It is perhaps suggestive 
that the food pouches, moderately filled after eating in the normal animal, are, 
for a few days after a unilateral area 4, or 4 and 6 ablation, abnormally dis- 


tended on the contralateral side, but are rarely filled to any extent upon 
recovery from the extirpation. In Experiment 1 (p. 266) approximately three 
weeks after the completion of a serial bilateral extirpation of areas 4 and 6, 
the pouch opposite the second operation had returned to about the same size 
as its fellow. When tested more resistance, however, was offered to the 
entrance of the examining probe on the side opposite the first operation. On 
the other hand, a similar test made on a hemidecorticate monkey six wee s 
after operation failed to show any difference in the resistance on the two sides. 
Increased resistance to opening the jaw has been noticed in three animals, one 
with bilateral ablation of area 4 (Experiment 3) and two with bilateral areas 
4 and 6 lesions (No. 33, and Experiment 1), but in none of these was a e 
jaw jerk elicited. The two completely decorticate animals showed bot in 
creased resistance to opening the jaw and the presence of a definite jaw jer 
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The forced laughter and crying which characterize bilateral supranuclear 
bulbar lesions in man, producing the pseudobulbar syndrome, have been lacking 
in our animals with double ablations of the cortical motor face areas. It is 
not improbable that such emotional disturbances are the result of lesions of 
the striatum or of the fibers from the latter rather than of the cerebral cortex. 
We have, however, noted frequently that an animal may respond, when 
excited, with a facial or lingual movement which apparently cannot be carried 
out volitionally. These responses are non-specific, violent, and poorly adjusted 
to the desired end, i.e., both sides of the mouth may be fully retracted by an 
animal, in which both face areas have been removed, if a painful stimulus is 
applied to a limb, or the animal is angered, although such movements are 
never seen in the normal behavior of the animal, nor can they be elicited by 
stroking the cheek or placing an object between the teeth. Similarly gentle 
stroking of the tongue or back of the throat in bilateral 4, or 4 and 6 prepara- 
tions, fails to cause the normal protrusion of the dorsum of the tongue towards 
the irritating object, and it frequently fails to elicit any movement of the 
body of the tongue; but if the posterior pharyngeal wall is stimulated vigor- 
ously with the probe, producing a gag reflex, the entire length of the tongue 
may be protruded in the midline. These emotional or reflex movements occur- 
ring in an otherwise paralyzed organ, we believe, originate at subcortical 
levels. In support of this contention is the occurrence of essentially similar 
movements in completely decorticated animals. This dissociation of volitional 
and emotional facial responses is a fact well known clinically. It is even true 
that the paretic side may react before and to a greater extent than the 
normal side of the face. 

Regions responsible for recovery after cortical lesions. Many investigators have 
discussed the factors responsible for "taking over control” following cortical 
ablations. The present study contributes the following evidence to the solu- 
tion of this problem. 

a. Remaining homolateral tissue of the motor or premotor area. It has been 
evident that the recovery was more rapid and complete in animals in 
which the removal of the motor and premotor areas was incomplete than in 
those in which the ablation included all of areas 4c and 6 (face). Animal No. 
33 showed an unusual degree of recovery after a bilateral area 4c and 6 (face) 
ablation. At the time of sacrifice a considerable amount of electrically excit- 
able cortical tissue was demonstrated, and histologically a part of 4c was 
spared. The responses to stimulation were essentially the same as those which 
the animal showed in the face and tongue in the clinical examination. In 
later experiments in which especial care was taken to make the lesions com- 
plete, recovery was slow, and stimulation of the cortex at the time of sacrifice 
rarely elicited a response. After bilateral ablation of area 4c, subsequent 
removal of area 6 intensifies the paralysis on the contralateral side. 

b. Ipsilateral representation in residual opposite motor or preniotor area. 
The evidence favoring ipsilateral cortical representation particularly that of 
the tongue, has been reviewed above (p. 273). Unquestionably this factor 
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plays a large part in the recovery of function after a unilateral ablation. 
Fulton and Dusser de Barenne (1933) have emphasized the importance of 
the ipsilateral representation of the tail, and Fulton and Keller (1932) and 
Bucy and Fulton (1933) that of the extremities. Foerster (1936) found in man 
that even skilled movements of the distal portions of the extremities might 
be regained after ablation of the contralateral motor cortex, but these move- 
ments were always associated with the same movement in the normal ex- 
tremity. He concluded that they were due to ipsilateral innervation from the 
intact motor cortex. Evidence of ipsilateral representation of the extremities 
in the motor and premotor areas has also been furnished by the studies of 
Marchi degeneration in the spinal cord and of the degeneration of boutons of 
the spinal terminations of the cortical projections (Kennard, 1935; Hoff and 
Hoff, 1934; and E. C. Hoff, 1935). Ogden and Franz (1918) concluded that re- 
moval of the second motor area did not diminish the motility recovered as a 
result of forced usage in an extremity paralyzed by extirpation of one motor 
area. 

c. Sensory cortex. It has been suggested that, since the postcentral con- 
volution is a source of extrapyramidal fibers, it may play a part in the recovery 
of function after lesions of the motor areas. In one experiment following a 
bilateral motor and premotor ablation the postcentral sensory cortex was 
removed. No further impairment of cheek or lingual movement was observed 
after this procedure (Experiment 1). 

d. Subcortical centers. Subcortical centers must play a considerable part 
in recovery of function since in Experiment 1 the terminal stimulation of the 
cortex failed to elicit most of the movements observed in the clinical examina- 
tion, and the postmortem microscopical examination showed virtually com- 
plete ablation of the motor areas. More direct evidence is presented by the ob- 
servations made on two animals following serial bilateral hemidecortications. 
About one month after the left hemidecortication and 3 days after the decorti- 
cation of the right hemisphere slight retraction of the right cheek could be 
elicited by stroking the hairs of the face, and stroking the dorsum of the 
tongue caused slight rotation of the tongue towards the probe, more marked 
towards the left and associated with depression of the jaw and contraction of 
the cheek muscles. No movements could be elicited from the left cheek. 

A large part of any recovery must be due to the subcortical structures. 
Certainly there is good reason to expect that the emotional responses may 
originate subcortically since Ranson (1937) has shown that they can be in- 
duced both in a normal and in a decorticated animal by stimulating the hypo- 
thalamus, and Bard (1928) has shown their spontaneous origin in decorticate 
animals, thus proving the presence of motor projection pathways from tins 
region independently of the cortical projections. The preservation of the 
ability to close its eyes in the case of Leyton and Sherrington’s (1917) dnin- 
panzee, the considerable activity of the decorticated animals, and especia y 
the marked recovery of movements of the face and extremities of Gardnei s 
(1933) patient with a hemidecortication, all point to the same conclusion, n 
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addition it is difficult to explain the motor activity observed in some of our 
animals with complete bilateral extirpations of the motor and premotor areas 
(in which terminal stimulation did not yield the responses seen during the 
period of observation) unless one admits some subcortical activity. 

VI. Summary 

1. The clinical pictures of monkeys with unilateral or bilateral ablation of 
area 4c, or the lower part of 6aa, 6ba and 6b,), or both are described. 

2. From these observations plus those of the stimulation experiments 
(Walker and Green, 1938) it is concluded that: (a) Area 4 contains the direct 
cortical projections to the labial muscles, the orbicularis oculi, the buccal 
food pouches, and to the intrinsic muscles of the tongue; (b) Area 6a a (face) 
probably normally influences the activity of area 4c, but has itself few direct 
motor projections; (c) Area 6ba possesses independent projections which are 
mainly concerned with gross and frequently rhythmic movements, particu- 
larly of the tongue, functions which may be in part carried out by area 4, but 
more especially by subcortical structures; (d) The projections from area 6b(3 
are likewise independent of those of area 4 and serve to modify the activity 
of the respiratory center. 

3. The lower facial musculature (lips and buccal pouch) is represented 
almost solely in the contralateral cortex, while the upper facial, lingual, 
pharyngeal and laryngeal muscles are to a considerable extent bilaterally 
represented 

4. Despite the bilateral representation of the lingual musculature, devia- 
tion and rotation of the organ towards a particular side are primarily con- 
trolled by a single area 4c, that of the homolateral hemisphere. 

5. In the monkey the control of these various muscles is encephalized 
in descending order as follows: almost completely — lower facial (lips and 
buccal pouch) and lingual muscles, less marked — laryngeal and pharyngeal 
muscles, and least the upper facial muscles. 

6. The factors responsible for recovery of motility after ablation of the 
cortical face motor and premotor area are, in order of importance: (a) re- 
maining ipsilateral cortex of the motor or premotor face area; (b) contra- 
lateral motor and premotor cortex of the face region; (c) subcortical struc- 
tures; (d) other cortical areas, sensory, prefrontal, etc. 

The authors wish to express their appreciation to Professor J F. Fulton for his many 
helpful suggestions and criticisms dunng the pursuit of this research 
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Several investigators have produced evidence to show that the hypothala- 
mus plays an important role in the regulation of body temperature (Isen- 
schmidt and Krehl ; 1 Jakoby and Roemer , 1 Reichard ; 3 Glaser ,' 1 Citrone and 
Leschke , 5 Barbour and Wing , 5 Morgan and Johnson ; 10 Keller and Hare ; 11 
Bazett, Alpers and Erb ; 12 Ranson and Ingram;" Frazier, Alpers and Lewy , 15 
and others). However it has not yet been shown which nuclei of the hypo- 
thalamus are concerned with temperature regulation. Likewise the manner in 
which these nuclei influence hody temperature and the physiological mecha- 
nisms involved are as yet not definitely understood. 

The physiology of temperature regulation has been reviewed by Barbour . 15 
The adrenal and thyroid glands and the hypophysis are believed to influence 
body temperature. Carbohydrate, protein and fat metabolism, the rate of 
evaporation of water from the body, peripheral vasomotor changes, changes 
in water and salt balance, water shifting and changes in blood sugar are 
believed to play an important role in regulating body temperature. The 
relationship of vegetative centers in the hypothalamus to several of these 
functions has been discussed in a previous paper . 15 The significance of this 
relationship to the regulation of body temperature has been discussed by 
Davison and Selby . 17 

It has been previously pointed out 18 that in mammals the cells of the nuclei 
of the hypothalamus are so intermingled that it is virtually impossible to 
place an experimental lesion in a single nucleus without causing injury to one 
or more adjacent cell groups. Furthermore our knowledge of the fiber connec- 
tions in and through this region is not sufficient to preclude the possible ef- 
fects of injury to fiber tracts when placing lesions in this area. The present 
investigation was undertaken with the hope that a fever producing substance 
such as typhoid toxin, might set up a reaction in the temperature regulating 
centers of the brain to the extent that the cells involved would show cyto- 
logical alterations. 

METHODS 

Fifteen dogs and four rabbits were used in this senes of experiments The procedure 
consisted essentially in producing an experimental hyperthermia by the injection of 
typhoid or bronchisepticus toxin In all but two cases, typhoid toxin was used The toxins 
were prepared for me from killed cultures of bacteria by Drs Eddy and Howard in the 
Department of Bacteriology The typhoid toxin was much stronger than the preparations 
commonly used for producing immunity in the human Hypodermic injections were used 
in all but four cases In these four animals (Nos 10—13) the toxin was injected into a vein 

The number of injections, the amount of toxin injected, and the period of time during 
which the injections were continued was varied considerably with different animals 
Temperatures were taken by rectum with a clinical thermometer One or more temperature 
readings were taken at frequent intervals for a period of hours after the injection until the 
temperature had risen and then returned to normal 
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The accompanying table gives a summary of the most important data concerning the 
experimental procedure. The maximum rise in temperature recorded in the table repre- 
sents the maximum rise in temperature which occurred after any single injection of toxin. 
The data indicate that rabbits are sensitive to much smaller doses of toxin, in proportion 
to body weight, than are dogs. It will also be noted that 0.6 cc. of toxin injected intrave- 
nously (cases 10-13) produced a greater rise in temperature in dogs than was usually ob- 
tained by a hypodermic injection of 4-10 cc. 

A few hours after the last injection the animal was killed and the brain removed. The 
brain stem was embedded in celloidin and cut into sections 35 microns in thickness. These 


Table I — Summary of Experiments 





Num- 
ber of 
Injec- 



1 Percentage of Chromato- 

Animal j 

Size of 
Animal 

Total of 
Toxin 
Injected 

Duration 

Maximum 
Rise in 
Tempera- 


lytic Cells 

Number 1 

of Experi- 
ment 

Nucleus 

Basal 

Nucleus 



tions 

ture 

Tubero- 

Optic 

Paraven- 



. _ . 



i 

mamm 

Ganglia 

tricularis 

Dog 1 

Small 

16.5 cc. 1 

5 

72 hrs. 

2.0°F. ! 

50 

14 

13 

Dog 2 

Small 

11.5 cc. 

4 

24 hrs. 

2.2°F. 

68 

12 

11 

Dog 3 

Large 

20 cc. 

4 

24 hrs. 

2.5°F. 

56 

22 

18 

Dog 4 

Medium 

15 cc. 

4 

24 hrs. 

3.4°F. 

57 

0 

0 

Dog 5 

Medium 

21 cc. 

4 

24 hrs. ' 

4.3°F. 

51 

20 

12 

Dog 6 

Small 

19 cc. 

2 

12 hrs. j 

1 .2“F. 

68 

32 

20 

Dog 7 

Large 

23 cc. 

2 

12 hrs. 

2 .6°F. 

! 68 

9 

8 

Dog 8 

Medium 

24 cc. 

2 

12 hrs. 

2 .1°F. 

66 

6 

6 

Dog 9 

| Small 

22 cc. 

2 

12 hrs. 

3 ,8°M. 

i 50 

8 ! 

8 

Dog 10 

| Medium 

2.7 cc. 
intraven. 

5 

53 hrs. 

5 ,2°F. 

74 

13 

. 

12 

19 

Dog 11 

Medium 

2 .9 cc. 
intraven. 

5 

54 hrs. 

4 .0°F. 

62 

23 

30 

| 23 

Dog 12 

Medium 

j 3 .8 cc. 
intraven. 

6 

101 hrs. 

i 3.2°F. 

73 

12 

12 

Dog 13 

Large 

1 3 .8 cc. 

t intraven. 

6 

101 hrs. 

j 

4.5 D F. 

33 

0 

0 

Rabbit 14 i 

Large 

i 0 .7 cc. 

2 

13 hrs. 

4.5°M. 

75 

Rabbit 15 ! 

Large 

! 1 cc. 

1 2 

14 hrs. 

5.4°F. 

77 

— 



Rabbit 16 j 

Large 

0 .4 cc. 

1 

12 hrs. 

1 ,7°F. 

60 

10 

10 

Rabbit 17 

Large 

0.4 cc. 

i 1 

10 hrs. 

1.5°F. 

56 

0 

0 

0 

Dog 18 

Large 

10 cc. 
B.Bronch. 

| 2 

7 hrs. 

4 . 1°F. 

54 

0 

10 

15.8 


Dog 19 

Large 

16 cc. 

1 

2 

1 

23 hrs. 
Average 

2 ,0°F. 

43 

60 

5 

12.6 


sections were stained by a modified iron hematoxylin technique (Morgan) 1 '. The sec- 
tions were studied with the object of determining whether the toxins injected produce 
histological changes in any of the cell groups of the brain stem. In four cases a study was 
made of the entire brain stem from the caudal end of the medulla to the optic chiasma. 
the remaining cases particular attention was given only to the region of the third ven 
corpus striatum, thalamus, hypothalamus, epithalamus and mid-brain. The twenty rai 
previously used for a study of the normal histology of the hypothalamus m the g 
(Morgan) 18 were used as controls. 


Results 

In so far as chromatolysis of nerve cells can be taken as a criterion, it is 
apparent that typhoid and bronchisepticus toxins have a selective action upon 
three cell groups all of which are located in the region of the third ventric e. 
The three cell groups which show definite chromatolytic changes are e nu 
cleus tuberomammillaris (mammiUo-infundibularis), the basal optic gang a 
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(nucleus supra-opticus), and the nucleus paraventrieularis. I have described 
and illustrated these cell groups in the brain of the dog in a previous paper, 18 
and pointed out the differences in distribution of these cell groups in the dog, 
the albino rat, and the human. 

The nucleus tubero-mammillaris is composed of large cells most of which 
are grouped around the fornix from the level of the optic chiasma to the 
mammillary bodies. The cells increase in number as we pass from the chiasma 
toward the mammillary bodies and smaller groups of cells are placed along the 
base of the tuber cinereum. The basal optic ganglia consist of large cells which 



Fig 1 Photograph of a portion of the nucleus tubero-mammillaris (case 2) illustrating 
the cell changes which occur with experimental fever The arrows indicate chromatolytic 
cells. 

begin at the optic chiasma and extend for a short distance along the optic 
tracts. The nucleus consists essentially of two parallel columns of cells. The 
larger of these columns is placed along the dorsal portion of the oro-lateral sur- 
face of the optic tract. The second group of cells follow the caudo-medial 
border of the optic tract. The paraventricular nucleus is composed of large 
cells arranged in a column whose axis is almost perpendicular to that of the 
basal optic ganglion. This cell group begins near the oral end of the basal 
optic ganglion and extends upward and orally through the wall of the third 
ventricle toward the anterior commissure. 

That the nucleus tubero-mammillaris, basal optic ganglia, and nucleus 
paraventrieularis are quite sensitive to typhoid and bronchisepticus toxins, is 
indicated by the fact that one or two injections of these toxins is capable of 
producing marked chromatolysis in these cell groups within a few hours’ time. 
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On the other hand, it is of interest to note that in those cases in which a larger 
number of injections was made over a longer period of time, there is no sig- 
nificant difference in the amount of chromatolysis. 

The nucleus tubero-mammillaris was involved in every case and to a 
greater degree than either the basal optic ganglia or the nucleus paraventricu- 
laris. The number of cells in this nucleus which were definitely chromatolytic 
varied from 33 to 77 per cent (Fig. 1). 

In many cases there is a striking similarity in the amount of chromatolysis 
found in the basal optic ganglia and the paraventricular nucleus. In those 
cases where there is a difference the basal optic ganglia are affected to a 
greater degree. In four cases neither of these nuclei possessed any cells which 
appeared definitely chromatolytic. In five cases 10 per cent or less of the cells 
were chromatolytic. The highest percentage of chromatolysis found in any 
case was 32 per cent for the basal optic ganglia and 23 per cent for the nucleus 
paraventricularis. 

When we take an average of the amount of chromatolysis found in each 
cell group throughout the series of experiments the average number of 
chromatolytic cells in the nucleus tubero-mammillaris is 60 per cent of the 
total, for the basal optic ganglia 15.8 per cent, and for the nucleus para- 
ventricularis there was an average of 12.6 per cent showing chromatolysis. 
Many cells showed variations from the normal appearance sufficient to sug- 
gest a tendency toward chromatolysis but unless the cell was definitely 
chromatolytic it was considered as normal. 

An attempt was made to determine the role of the thyroids in producing 
hyperthermia in those animals injected with toxin. In seven of these cases the 
blood supply to the thyroids was clamped while the temperature was elevated. 
These animals were etherized and several readings taken until the temperature 
became stable. When the thyroids were clamped off the temperature fell 
rapidly. In a few cases the temperature fell to normal or below, but in most 
cases the temperature did not return entirely to normal. While these experi- 
ments indicate that the thyroids play some role in the production of hyper- 
thermia in these cases there are apparently other factors involved. In rabbits 
Nos. 16 and 17 the thyroid glands were removed three days before the toxin 
was injected. 

The evidence obtained from this investigation points to the nucleus tubero- 
mammillaris as playing an important role in the producing hyperthermia. The 
paraventricular nucleus and basal optic ganglia are implicated to a more 
variable and a lesser degree. However, the regulation of body temperature is 
so inseparably linked up with other somatic and vegetative functions that it 
is doubtful if we are justified at present in assuming the presence in the brain 
of a center which is solely concerned with the regulation of body temperature. 
If such a center exists it is probably closely associated with various vegetative 
centers in the hypothalamus thus utilizing several older, well establishe 
mechanisms which serve other functions in addition to playing a role m t e 
regulation of body temperature. 
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Summary 

The entire brain stem was studied in 15 dogs and 4 rabbits following an 
experimental fever produced by either a hypodermic or intravenous injection 
of either typhoid or bronchisepticus toxin. 

Significant cell changes were noted only in three nuclei of the hypothala- 
mus 

The nucleus tubero-mammillans was involved in every case. An average of 
60 per cent of the cells in this nucleus showed definite chromatolytic change. 

A variable amount of chromatolysis was found m the paraventricular nu- 
cleus and the basal optic ganglia in 14 of the 19 animals studied. The average 
number of chromatolytic cells in these cases was 15.8 per cent for the para- 
ventricular nucleus and 12.6 per cent for the basal optic ganglia. 
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I Einleitung 

Nachdem in den letzten Jahren em grosseres Material uber die 1 o k a - 
lisierten bioelektnschen Erschemungen der Hirnrindet gesammelt 
worden ist, ist es an der Zeit, erne weitere Analyse des Kurven- 
b i 1 d e s anzustreben Damit soli in der vorbegenden Mitteilung begormen 
werden 

Folgende Arten von Ableitungen finden berm Studium der 
bioelektrischen Erschemungen des Gehirns Verwendung 

1 Die enge bipolare Ableitung Diese besteht darm, dass man 
beide Elektroden knapp nebeneinander auf die Hirnrinde legt oder dass man 
mittels einer konzentnschen Elektrode ableitet 

2 Die unipolare Ableitung Bei dieser wird die differente Elektrode 
auf die abzuleitende Himrindenstelle und die mdifferente auf erne Stelle des 
Schadels, welche selbst kerne bioelektrischen Erschemungen aufweist, gelegt 
Dafur konimt der Schadelknochen m Frage, z B das blossliegende Stirn- und 
Nasenbem und die Protuberantia occipitalis externa 

Diese beiden Ableitungsarten sind fur lokahsatonsche Fragen geeignet 
Die Beziehungen zwischen den Kurvenbildern, die diese beiden Ableitearten 
ergeben, sollen hier in erster Lime untersucht werden 

3. Die Ableitung nach Berger, bei welcher bekanntlich die beiden 
Elektroden entweder auf Stun und Hinterhaupt oder aber bitemporal gelegt 
werden Diese Ableitung erfolgt in der Regel von der Oberflache der Kopf- 
schwarte 

Nach viel verbreiteten Auffassungen sind fur die beiden erstgenannten 
Ableitungsarten folgende Vorteile und Nachteile zu erwarten 

Die enge bipolare Ableitung hat vor allem den Vorteil, dass sie 
die grosste Gewahr dafur gibt, dass nur die Potentialschwankungen der 
zwischen den Elektroden hegenden Himpartien registnert werden Aus mor- 
phologischen wie physikalischen Grunden ware anzunehmen, dass eng benach 
barte Stellen mehr oder wemger gleichzeitig erregt werden konnen, so dass 
zwischen diesen Stellen kein grosses Potential g e f a 1 1 e erwartet werden 
kann Bei zu engem Elektrodenabstand werden ja auch die Amphtuden der 
elektrischen Potentialschwankungen sehr'klein, so dass sie sich von dem 
Storspiegel des Apparates eventuell mcht genugend abheben Die Schwan- 
kungen grosser Amphtude, die das Summationsprodukt der Spannungspro- 

* Mit TJnterstutzung der Rockefeller Foundation 

t Siehe A E Kornmuller, 1937(a)* 
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duktion vieler Elemente darstellen, sind iiber bestimmten Feldern, z.B. der 
Area striata, innerhalb grosserer Strecken mehr oder weniger synchron 
in ihrem Verlauf, wie die unipolare Ableitung ergibt. Sie werden darum bei 
enger bipolarer Ableitung mit kleinsten Elektrodenabstanden kaum regi- 
striert. Dafiir beherrschen kleinerasche Schwankungen das Bild. Dabei konnte 
es sich um die erwahnten Einzelentladungen handeln. Grossere Blektrodenab- 
stande bei der bipolaren Ableitung bringen wiederum die Gefahr mit sich, dass 
die Elektroden gleichzeitig von strukturell (architektonisch)differenten Gebie- 
ten ableiten. Dies gilt besonders dann, wenn im Bereiche kleiner architektoni- 
scher Felder, wie sie z.B. am Kaninchen zahlreich sind, oder in der Nahe 
architektonischer Grenzen abgeleitet wird. DieLage der Elektro- 
den in bezug zur architektonischen Gliederung der 
Hirnrinde muss aber unter alien Umstanden fest- 
gestellt werden, wenn man bioelektrische Unter- 
suchungen auf der Hirnrinde anstellt (Korn- 
m ii 1 1 e r 1932-37). Leider wurde dies auch von Adrian und Mat- 
thews nicht in Rechnung gezogen bei ihrem wertvollen Ansatz, eine Ana- 
lyse des Elektrenkephalogramms auch an Hand von Untersuchungen an Tieren 
durchzufuhren, wobei sie auch Befunde iiber die Abhangigkeit des Kurven- 
bildes von der Elektrodenlage bei bioelektrischen Untersuchungen auf der 
Hirnrinde mitgeteilt haben. 

Die unipolare Ableitung hat den Vorteil, dass sie im allgemeinen 
Schwankungen grosserer Amphtude als die enge bipolare Ableitung ergibt, so 
dass man leichter oberhalb des Storspiegels der Apparatur arbeiten kann. 
Ferner hat die unipolare Ableitung den Vorteil, dass es natiirlich viel leichter 
gelingt, eine einzelne Elektrode in ein bestimmtes architektonisches Feld zu 
legen als zwei Elektroden. Ob diese Ableitungsart den Mangel hat, dass die 
erhaltenen Kurven nicht nur von der Auflagestelle der differenten Elektrode, 
sondern auch von dem Gewebe zwischen differenter und indifferenter Elek- 
trode stammen, soli uns hier in erster Linie beschaftigen. 

II. Methodik 

Die Untersuchungen zur vorliegenden Mitteilung wurden an Kaninchen 
durchgefuhrt. Ihre Befunde sind an folgende V oraussetzungen 
gekniipft: 

Die Kopfschwarte und der Knochen sind in einem moglichst grossen 
Bereiche von den Hirnableitestellen entfernt, und die Dura ist zuruckge- 
schlagen. Es liegt mindestens von einer Hemisphare nahezu die gesamte 
dorsale Konvexitat frei. Die Ableitungen erfolgen durch Auf legen der 
Elektroden auf die Hirnrinde und nicht durch Einstechen, Die indif- 
ferente” Elektrode muss tatsachlich frei von elektrischen Potential- 
schwankxmgen sein. Sie hat moglichst weit vom Gehim wie auch von anderem 
bioelektrisch aktiven Gewebe, z.B. Muskeln, entfernt zu liegen und darf auch 
keine gut leitenden Verbindungen, z.B. durch Kochsalzlosung, zu so c en 
Geweben haben. 
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Des weiteren soli noch auf einige andere methodische Beson- 
derheiten hingewiesen werden: 

Zur Ableitung wurden uberwiegend die im folgenden beschriebenen 
Metallelektroden benutzt, die sich durch kontrolberbaren Auflage- 
druck und durch zuverlassige Kontaktgabe auszeichnen. Siehe Fig- 11 



Fig 1. Metallelektrode Beschreibung im Text. 

Em mikrometrisch verstellbares Stativ tragt den Elektrodenhalter Dieser besteht axis 
einem Vierkanteisen imd emer daran festgeschraubten PresstofFplatte, in die zwei Messing- 
buchsen eingesetzt sind An lhnen sind die Zuleitungen L angelotet In die Buchsen 
werden kleine Stecker St gesteckt, an denen Messingdrahte von 0,2 mm $ angelotet sind, 
die am freien Ende angeschmolzene Silberkugelchen, K, von 1,5 mm <f> tragen Von einem 
galvamschen Dberziehen dieser Kugeln, die die eigentlichen Auflageelektroden darstellen, 
mit AgCl wurde abge&eben, da aus den welter unten dargelegten Grunden mcht mit der 
'Wwk.ung von Po\ansatnmsspann\ingen zu recbnen wot, was sich bei den Versuchen 
durchaus bestatigte Der Druck, mit dem die sehr weich federnden Messingdrahte die 
Silberkugeln auf das blossliegende Gehvrn anlegen, betrug bei den in Betracbt kommenden 
Durchbiegungen der Drahte ca 0,1 g Demnach war der entsprechende Flachendruck bei 
einer Auflageflache von 3,5 mm 1 pro Kugel 0,03 g/mm* Naturlich hangt dieser Druck von 
dem Grade der Durchbiegung ab Um nun bei plotzlicher Unruhe des Versuchstieres zu 
verhindern, dass die Elektroden die Hirnoberflache verletzen, wurde an dem Elektro- 
denhalter ein einstellbarer, am Ende mit Gummiscblauch uberzogener Hebei He ange- 
bracht, der am Rande der Trepanationsoffnung dem stehengebbebenen Schadelknochen 
aufhegt, wenn gleichzeitig die Elektroden mit dem zulassigen Druck das freiliegende 
Gehirn beruhren Bei Unruhe des Tieres wird dann die gesamte Elektrodenanordnung 
angehoben, ohne dass sich der Druck auf das Gehirn andert Da die eigentlichen Elektro- 
den nur durch lhre Stecker mit den Zuleitungen verbunden sind, ist die Auswechslung 
gegen Elektroden mit anderen Ausmassen oder die Ersetzung von beschadigten Elektroden 
ohne Zeitverlust moghch 

Als indifferente Elektroden dienten Tonstiefel oder einfache Metallelektroden, 

Zur Verstarkung der bioelektrischen Erscheinungen dienten drei 
C-W-gekoppelte Vers tar kersatze des von T o n n i e s (1935) konstruierten 
Polyneurographen, vor deren Eingangsstufen drei Differentialverstarker nach 
Tonnies* geschaltet waren. 

Diese Differentialverstarker haben je drei Eingangsklemmen (a, b, E 
auf Fig. 2) und zwei Ausgangsklemmen, die zum Gitter und zur Kathode der nach- 
folgenden Verstarkerstufe, d h der jeweils ersten Stufe im Polyneurographen, fuhren 
Durch die besondere Schaltung des Differentialverstarkers, die erne modifizierte Gegen- 
taktschaltung darstellt, ist erreicht, dass gememsame Aussteuerungen von a und b 

* Noch mcht veroffenthcht. 
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gegenuber E sich mit weniger als 1/1000 in der registrierten Kurve auswirken, verglichen 
mit einer gleich grossen Aussteuerung zwischen a und b. Dadurch werden aus dem Wech- 
selstromnetz herruhrende Storungen, die die mit a und b verbundenen Elektroden 
praktisch gleichmassig beeinflussen, sehr weitgehend vermindert. Es muss ledigb'cb auf die 
gute Kontaktgabe der mit E verbundenen Elektrode geachtet werden, die zur Ableitung 
der Storungen nach der Erde dient. Sie wird im folgenden als E - (Erdungs-) 
Elektrode bezeichnet und ist nicht zu verwechseln mit der,"in- 
differenten” Elektrode der unipolaren Ableitung. Potentialschwankungen 
unter der E-Elektrode allein wirken sich praktisch nicht auf den Ableitekreis aus, wahrend 
sich Spannungsschwankungen, die eventuell unter der "indifferenten” Elektrode auftreten, 
selbstverstandlich voll auswirken. Die Klemmen a und b jedes Differentialverstarkers 
gehen unmittelbar, d.h. ohne zwischengeschaltete Kondensatoren, an die Gitter der 
zugehorigen Verstarkerrohren, die im iibrigen keine leitenden Verbindungen mit den 
Kathoden, d.h. keine eingebauten Gitterwiderstande haben. Die Aussteuerung der beiden 
Gitter erfolgt. also rein statisch, ohne dass die abgeleiteten Spannungen durch einen 
Gitterwiderstand belastet werden, Dadurch ist das Fliessen eines Stromes im Ableitekreis 
unmoglich, so dass auch die Ausbildung von storenden Polarisationsspannungen mit 
Sicherheit verhindert ist. Die Verwendung von "unpolarisierbaren” Elektroden ist dadurch 
iiberfliissig, und deshalb konnten die oben beschriebenen sehr einfach herzustellenden und 
mechanisch unempfindlichen Metallelektroden ohne Nachteil verwendet werden. 

Wird einer der beschriebenen Differentialverstarker zur bipolaren 
Ableitung benutzt, dann wird die eine der differ enten Elektroden mit a 
und die andere mit b verbunden. Siehe Fig. 2! Als E-Elektrode verwenden 
wir eine grossflachige Klemme an einem Ohr. 

Beider unipolaren Ableitung kann entweder 

a) a mit einer differenten und b mit einer indifferenten Elektrode (z.B. auf 
dem Nasenbein) verbunden werden. Die E-Elektrode des Differential- 
verstarkers liegt wie eben erwahnt. Oder 

/3) es wird auf die Trennung der indifferenten von der E-Elektrode 
verzichtet, d.h. beide werden gemeinsam genommen. 

Fiir die Registrierung der bioelektrischen Spannungen sind die beiden 
unipolaren Ableitungsarten (a und 13) vollkommen gleichwertig; nur fiir die 
Ausschaltung der Storungen besteht ein Unterschied, da bei der Schaltung 
nach /? die Gegentaktwirkung aufgehoben imd die Storanfaibgkeit dadurch 
erhoht ist. 

Fiir die in A b s c h n i 1 1 III, 2 dieser Mitteilung beschriebene Ver- 
suchsreihe war es notig, mit den vorhandenen Mitteln eine Schaltung der 
Verstarker zu finden, die es ermoglicht, eine Kurve zu registrieren, welche 
die Differenz der Potentialschwankungen von zwei 
gleichzeitigen unipolaren Ableitungen darstellt. Dies 
wurde auf folgende Arten erzielt: 

1. In der Fig. 2 stellen A, B und C schematisch drei Differentialverstarker dar, 
deren Eingangsklemmen wieder mit a, b und E bezeichnet sind. Auf dem Gehirn es 
Versuchstieres liegen die mit 1 und 2 gekennzeichneten differenten Elektroden; auf dem 
Nasenbein liegt die indifferente Elektrode N. Am Ohr des Tieres ist eine Klemme 
befestigt als E-Elektrode. Im Verstarker C wird die Potentialdifferenz z%vischen 1 und j 
verstarkt und auf den nachfolgenden Verstarkersatz iibertragen; die Elektrode O dien 
hierbei nur zur Erdung und damit zur Ableitung der aufgenommenen Wecfaselstroms o- 
rungen. Die Elektrode 1 ist mit der Klemme a des Verstarkers A und die Elektrode l mi 
b von B verbunden, deren E-Klemmen gemeinsam mit der von C geerdet sind. Die noc 
freien Klemmen b von A und a von B sind gemeinsam mit der indifferenten Elektro 
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verbunden Die Verstarker A und B erhalten also als Aussteuerung die Eotentialdifferenz 
zwischen 1 und N bzw N und 2 in unipolaxer Ableitung Die in A und B verstarkten 
Spannungsscbwankungen werden gemeinsam auf das Gitter einer nachfolgenden Stufe 
gegeben Da A und B hierbei so geschaltet sind, dass erne gemeinsame Spannungsanderung 
an X und 2 sich in dem zusammengeschalteten Ausgang aufhebt, so wirkt an diesem 
Ausgang tatsachlich die Differenz der unipolaren Ableitung zwischen 1 und N bzw 
N und 2 als Aussteuerung 

2 Es konnen auch hier, we oben unter 0 gesagt, die indifferente und die E Elektrode 
gemeinsam genommen werden Siehe die gestnchelte Lime zwischen a und E des Ver- 
starkers B in F l g 2* 



Fig 2 Links Lage der Elektroden am Tier Rechts Schaltung zur physikahschen 
Differenzbildung der Kurven von den unipolaren Ableitungen 1 — N und 2 — N und zur 
gleichzeitigen Registrierung der bipolaren Ableitung 1 — 2 Beschreibung lm Text 


Die Registnerungen wurden mit den Tintenschreibern des 
Tonmes’ schen Polyneurographen (lc) vorgenommen 

Genngfugige Abweichungen in der Aufzeichnung von Frequenzen um 50 Hertz erklaren 
sich aus kleinen, wahrend dieser Untersuchung bestehenden Differenzen zwischen den 
Dampfungseigenschaften der einzelnen Schreiber Diese Abweichungen traten auch auf, 
wenn erne gemeinsame Aussteuerung auf die drei benutzten Schreiber geschaltet wurde 
und crwiesen sich bei einer genaueren Durchmessung als physikahsch bedingt So weit also 
bei dem Vergleich der elektnsch gewonnenen Differenz zweier umpolarer Ableitungen mit 
der zugehongen bipolaren Ableitung derartige gennge Unterschiede auftreten, sind sie 
nach genauerer pliysikalischer Analyse durcb die erwahnte Verschiedenheit der Schreiber- 
eigenschaften auch quantitativ vollkommen erklart * 

III Ergebnisse 

1 Umpolare Ableitungen mit verschiedener Lage der mdifferenten Elektrode 

Die Himstelle 1 wird, wie Fig 3 zeigt, unipolar gleichzeitig I gegen die 
Protuberantia occipitalis externa (P) und II gegen dasStimbein (S) abgeleitet 

* Einzelheiten uber die Frequenzeigenschaften der fur die vorliegende Untersuchung 
benutzten Registnerung wird Schaeder demnachst lm Rahmen einer Mitteilung 
uber die Aufzeichnungsmethoden bioelektriseher Erschemungen mit besonderer Beruck- 
sichtigung der Tintenschreibung angeben 
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Diese beiden Kurven (I und II) sind erstaunlich parallel, und jede Einzelheit 
der einen Kurve ist auch an der anderen zu sehen. Das ist umso bemerkens- 
werter, als sich bei den Ableitungen fur Kurve I und II morphologisch und 
entsprechend auch bioelektrisch unterschiedliche Hirngebiete zwischen dem 
gemeinsamen diiferenten und den verschiedenen indifferenten P unk ten 
befinden. Dies soli die gleichzeitig registrierte Kurve III, eine bipolare Ab- 
leitung von der Area praecentralis granularis ( 2-3 in 



i — ISek — j 

’ — — v\3_XJV — « 



Fig. 3. Oben: Grosshirn und Teile des knochernen Schadels eines Kaninchens, von 
oben gesehen. Auf der linken Hemisphare schematiseh die architektonisehe Rindengbe- 
derung. 

Unten: Gleichzeitige Ableitung von 

I: 1-P 
II: 1-S 
III: 2-3 


Praecgr), zeigen. Das genannte Feld, dessen Eigenstrome u.a. durch 
Gruppen rascher Schwankungen (12-15 Hz) gekennzeichnet sind, liegt breit 
ubcr der Verbindungslinie der Punkte 1 und S, also zwischen den Ableite- 
elektroden der Kurve II. Trotzdem lasst die Kurve II nichts von diesem 
raschen Rhythmus erkennen. 

Nach dem in Fig. 3 dargestellten Prinzip wurde miter Beibehaltung der 
angegebenen Lagen fiir die indifferenten Elektroden unipolar iiber den ver- 
schiedensten Stellen der Hirnrinde abgeleitet. Dieses Material fuhrte zu em 
gleichen Befunde, wie das angegebene Beispiel, namkch: 
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Die Kurvenform der unipolaren Registrierungen 
der bioelektrischen E r s c h einun g en je einer Hirn- 
rindenstelle ist unabhangig von der Lage der in- 
differenten Elektrode. 

2. Gleichzeitige umpolare und bipolare Ableitungen von 
zwei Eindenstellen 

Von den Hirnrindenstellen 1 und 2 der F i g. 4 wird gleichzeitig folgender- 
massenabgeleitet (siehe A der F i g. 4): I zwischen 1 und 2, II zwischen 2 und 
der Protuberantia occipitalis externa (P) und III zwischen 1 und Nasenbein 
(N). Wenn sich auf den Ableitekreis tatsachlich nur die Potentialschwan- 
kungen auswirken soli ten, die in unmittelbarer Nahe der Elektroden auf- 
treten und nicht die bioelektriscb aktiven Gebiete zwischen den Elektroden, 
dann miisste die Kurve der bipolaren Ableitung (1-2) gleich sein der Dif- 
ferenz* der beiden unipolaren Registrierungen (1-N und 2-P). Es wurden in 
diesem Falle mit Absicht fur die beiden unipolaren Ableitungen verschiedene 
indifferente Elektrodenlagen (N und P) gewahlt, damit die bioelektrisch 
aktiven Gebiete zwischen den Elektrodenpaaren der unipolaren Ableitungen 
verschieden sind. Nur so lasst sich mit Bestimmtheit die Frage beantworten, 
ob die bipolare Ableitung gleich ist der Differenz der beiden unipolaren 
Ableitungen. Andernfalls namlich konnte sich eine gemeinsame Strecke 
zwischen den Elektrodenpaaren der unipolaren Ableitungen zufolge einer 
gemeinsamen indifferenten Elektrode vorfinden und die Subtraktion gleicher 
Einwirkungen auf beide unipolare Ableitekreise wurde die bipolare Ableitung 
ergeben, obgleich sich in diesen Fallen das zwischen den differenten Stellen 
und dem gemeinsamen indifferenten Punkt liegende Gewebe doch auf den 
Ableitekreis auswirken konnte. Die Differenz zwischen den Potentialschwan- 
kungen zweier verschiedener Ableitungen wurde in der im methodischen Teil 
dargelegten Weise direkt ermittelt. Siehe Fig. 2 ! Das Ergebnis zeigen die 
Streifen B und C der Fig. 4 . B I und C I stellen bipolare Registrie- 
rungen zwischen den Punkten 1 und 2 dar. Die Kurven B, III— II und C, 
III— II sind die Differenzen zwischen den Potentialschwankungen der uni- 
polaren Ableitungen 1-N und 2-P. Die Figur zeigt deutlich, dass die Kurven- 
form der bipolaren Ableitung (I) gleich ist den Kurven, die die Differenz der 
beiden unipolaren Ableitungen (III-II) darstellen. Es muss ausdrucklich 
bemerkt werden, dass alle Kontrolimbglichkeiten erschdpft wurden, die die 
Unabhangigkeit der bipolaren Ableitung von den Ableitungen der Differenz- 
kurven erwiesen. 

Ausser auf diesem physikalischen Wege wurden auch geometrische 
Subtraktionen von gleichzeitig registrierten unipolaren Kurven 
vorgenommen. Die so konstruierte Kurve war immer und fur alle Einzelheiten 
vollig identisch mit der gleichzeitig registrierten bipolaren Kurve. Da letztere 
Kurve keine zusatzlichen Schwankungen aufweist, lasst sich auch aus dieser 
Versuch sreihe folgern, dass sich das Gewebe zwischen den Elektroden nicht 

* Die Polantaten sind an den Eichstnchen ersichthch 
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Fig. 4. Gleichzeitige Ableitung von 

I: 1-2 
II: 2-P 
III: 1-N 


III-H: Differenz von (1-N) und (2-P) 


B nnd C: 
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merkbar auf den Ableitekreis auswirkt. Dass dies selbstverstandlich nur 
unter den in der Methodik aufgezeigten Voraussetzungen gilt, brauchte nicht 
noch einmal hervorgehoben zu werden. 



rnr\JUU\rnnJUDTTD\AAJ n,^ju\jTV\AAJrn,\AAJvnA 



Fig. 5. Gleichzeitige Ableitung von 
I: 1-N 
II: 2-N 
III: 1-2 

F =Filtrierpapier mit Strychnin. 


3. Abnorm starke bioelektrische Potentialschwankungen ( Krampfstrome ) 
auf der Strecke zwischen den Elektroden 
Es wurde die in Fig. 5 (oben) dargestellte Elektrodenanordnung 
benutzt. Nach Strychninisation der Stelle 1 wurde von 1 und 2 gleichzeitig 
sowohl bipolar (A III) als auch von jedem einzelnen Punkte unipolar gegen 
das Nasenbein (N) abgeleitet: A I = 1 -N und A II =2 -N. Alle Elektroden- 
auflagepunkte liegen auf einer Geraden. Die Krampfstromzacken iiber 1 sind 
nur auf der unipolaren Ableitung von Stelle 1 (A I) und auf der bipolaren 
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Ableitung 1-2 (A III) festzustellen. Die unipolare Ableitung von 2 (A II) 
lasst nichts von Krampfstromzacken erkennen, obgleich sie unweit davon mid 
noch dazu zwischen den Elektroden vorhanden sind. Bei dieser Versuchsreihe 
wurden bei den einzelnen Tieren verschiedene Rindenstellen zwischen 2 und 
dem Nasenbein (N) strychninisiert, so dass die Gegenden mit Krampfstromen 
in den verschiedensten Abstanden von den Punkten 2 und N lagen. Auf 
Streifen B der Fig. 5 kommen wir weiter unten zu sprechen. 

Es wurden auch noch Abanderungen dieser Versuchsanordnung durch- 
gefuhrt, z.B. folgende, die in Fig. 6 dargestellt ist: Es liegt je eine Elek- 
trode auf dem Nasenbein (N), auf der Area praecentralis granu- 
lar i s (1), auf der Area striata (2) und auf der Protuberantia 
occipitalis externa (P). Nach einer Kontrollregistrierung und Strychninisa- 
tion mittels eines Blattchens Filtrierpapier (F) von 2 wird I zwischen 1 und 2, 
II zwischen 2 und N und III zwischen 1 und P abgeleitet. Die Kurven I und 
II zeigen deutliche Krampfstromentladungen, Kurve III dagegen n i c h t , 
obgleich auch hier die Krampfstromentladungen zwischen den Elektroden 
dieser Ableitung sehr intensiv vorhanden sind. Nebenbei bemerkt zeigen 
diese dreifachen Registrierungen auch sehr schon, dass die bipolare Kurve 
(I) alle Wellen der beiden unipolaren, aber keine zusatzlichen Schwankungen 
erkennen lasst. Schon die grobe Betrachtung lasst erkennen, dass die Kurve 
der bipolaren Registrierung gleich ist der Differenz der beiden entsprechenden 
unipolaren Registrierungen. 

In Erganzung der Befunde der eben geschilderten Versuchsreihe muss 
noch darauf hingewiesen werden, dass nach langer dauemder Strychninein- 
wirkimg auf die Stelle 1 der Fig. 5 und auf die Stelle 2 der F i g . 6 sich 
auch von den nicht strychninisierten diiferenten Ableitepunkten Krampf- 
strome gelegentlich registrieren lassen. Ein Beispiel dafiir zeigt B der 
Fig. 5: 

Im Gegensatz zu A enthalt hier die Ableitung II ebenfalls Krampfstrom- 
schwankungen. Diese aber haben eine andere Form als die der Ableitung I. 
Sie sind trager und weisen ausserdem bei grosserer Papiergeschwindigkeit 
eine deutliche Latenzzeit gegeniiber den Krampfstromschwahkungen von 
I auf. Die Latenzzeit betrug etwa 75 cr. Der Abstand zwischen den Punk- 
ten 1 und 2 betrug 8 mm, das wiirde in diesem Falle eine Leitungsgeschwindig- 
keit von knapp iiber 100 mm pro Sekunde bedeuten. Es handelt sich hier also 
nicht um eine physikalische Streuung der grossen 
Potentialschwankungen der Stelle 1 auf die Elektrode der Stelle 2, sondern 
darum, dass sich die von Stelle 1 ausgehenden Erregungen auf Stelle 2 aus- 
wirken. Die Registrierung B III, die die gleichzeitig vorgenommene bipolare 
Ableitung darstellt, setzt sich aus den aufeinanderfolgenden Krampfstrom- 
schwankungen der beiden unipolaren Ableitungen I und II zusammen. Man 
wird, wenn man quantitative Unterschiede ausser Acht lasst, bei diesem 
Kurvenbild an das Verhalten der bipolaren Ableitung von Muskeln bzw. 
peripheren Nerven erinnert. 



BIOELEKTRISCHER POTENTIALSCHWANKUNGEN 297 






I — 'tS'ck. — | 


Fig. 6. Gleichzeitige Ableitung von 
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Die Erregungsausbreitung auf der Hirnrinde liess sich auf Grand der 
n o r m a 1 e n Erscheinungen (Eigenstrome) bisher nur in vereinzelten geeigneten Fallen 
feststellen (Kornmuller, z.B. 1933 und 1935(a)), weil es bei der Mannigfaltigkeit 
der standig vorhandenen Potentialschwankungen oft schwer fallt, einander enteprechende 
Wellen verschiedener Ableitepunkte genau zu ermitteln. Kornmuller hat (1937(a)) 
kurz darauf binweisen konnen, dass die transkortikale Ausbreitung abnorm starker 
Erregungen, wie sie sich wohl in den Krampfstromen anzeigen, in den differenten Rinden- 
arealen verschieden sein kann und offenbar von den morphologischen Verbindungen 
tangentialer Richtung innerhalb der Hirnrinde abhangig ist. Inzwischen hat Adrian 
der Frage der Erregungsausbreitung iiber der Hirnrinde eine besondere Untersuchung 
gewidmet, in welcher er zu bemerkenswerten Befunden gekommen ist, deren Mitteilung 
in diesem Zusammenhang zu weit fiihren wiirde. 

IV. Besprechung 

Die hier mitgeteilten Befunde sind unseres Erachtens eindeutig und War, 
wenn auch eine Ermittlung ihrer physikalischen Grundlagen noch nicht 
vorgenommen worden ist. Wir unterlassen es, hier diesbeziigliche Auffas- 
sungen auszusprechen. Wenn diese Ergebnisse auch einigen Autoren selbst- 
verstandlich sein mogen, so ist uns andererseits bekannt, dass selbst manche 
Elektrobiologen sie nicht erwartet hatten. So ist z.B. an der unipolaren Ablei- 
tung vielfach Kritik geiibt worden. Siehe die Einleitung! Nach den mitgeteil- 
ten Befunden ist aber sicher, dass die unipolare Rindenableitung vor 
der bipolaren entschieden Vorteile hat und dass die einleitend ausgespro- 
chenen Bedenken gegen diese Ableitungsart nicht zu Recht besteben. 
Trotzdem sind wir weiterhin der Auffassung, dass es zweckmassig ist, bei 
Untersuchungen iiber die bioelektrischen Erscheinungen des Gehirns nacb 
Moglichkeit sowohl die unipolare als auch die bipolare Ableitung vorzunehmen 
(Kornmuller 1937 (b)). Dies geschieht am besten durch g 1 e i c fa- 
ze i t i g e mehrfache Registrierungen. Auf Grand eines solchen Materials 
wird man in der Analyse der bioelektrischen Erscheinungen des Gehirns 
voraussichtlich leichter weiterkommen als auf Grand nur einer der beiden 
Ableitungsarten. 

Die mitgeteilten Befunde gelten, wie gesagt, nur fiir den Fall, dass vom 
weit freigelegten Gehirn registriert wird. Die Ableitungen vom 
blossh’egenden Gehirn sind aber unter alien Umstanden viel mehr in der Lage, 
iiber das tatsachliche und unverfalschte bioelektrische Verhalten der Him- 
rinde etwas auszusagen als Untersuchungen, bei denen durch die K o p f - 
schwarte und den Knochen registriert wird. So ist anzunehmen, 
dass bei Registrierungen durch den uneroffneten Schadel die oben mitge- 
teilten eindeutigen Ergebnisse nicht zu gewinnen sind. Dieses zu priifen, muss 
einer gesonderten Versuchsreihe vorbehalten bleiben. Keinesfalls aber ist es 
angangig, auf Grund von Befunden, die durch Ableitung vom uneroffneten 
Schadel gewonnen wurden, Ergebnisse zu bezweifeln, die durch direkte 
Rindenableitungen in jahrelangen Untersuchimgen von verschiedenen 
Autoren immer wieder bestatigt wurden. 

Berger schreibt z.B.: "Nun haben aber die schonen Versuche Ectors ergeben, 
dass man auch beim Kaninchen unter der Binwirkung der verschiedensten Si ^ nnesrmze 
einer bipolaren Ableitung von der Rinde selbst mit 4-5 mm voneinander enttern 
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Elektroden, und zwar im Bereich des zugehongen Sinneszentrums kerne Spannungs- 
zunahme der Potentialschwankungen, sondern dabei, wie ich es schon 1930 beira Menschen 
beschrieben habe, einen Spannungsabfall findet, mdem die grossen a — W. schwmden und 
durch kleinere kurze /3 — W. ersetzt werden ” Wir bezweifeln nicht diesen Befund von 
E c t o r a , der mcht vom weit blossliegenden Gehirn gewonnen wurde, sprechen ihm 
aber vollig die Fahigkeit ab, die unzweifelhafte Tatsache zu widertegen, dass bei direkter 
und morphologiscb kontroUierter Ableitung von der Area striata sowohl bei uni- 
polarer als auch bei bipolarer Elektrodenanordnung auf Augenbelichtung 
Steigerungen der bioelektnschen Spannungsproduktion im Sinne der Feldaktionsstrome 
zu finden Bind Das gleiche gilt fur die beschnebenen Areale, die auf andere Qualitaten von 
Smnesreizen Aktionsstrome produzieren 

So lange daher die besonderen physikalischen Verhaltnisse der Ableitungen 
durch den uneroffneten Schadel (Berger) nicht restlos geklart sind, 
erscheint es uns unberechtigt, die Ergebnisse der Untersuchungen uber den 
Berger -Rhythmus mit denen der bioelektrischen Lokalisationsmethodik 
(Kornmuller 1932-1937) zu vermiscben bzw. Befunden der direkten 
Hirnableitung entgegenzustellen, weil Ableitungen fill rch den Schadel nicht 
Gleiches ergeben haben. Andererseits sind kit aber davon uberzeugt, dass sich 
in absehbarer Zeit Klarheit uber das Verhaltnis der bioelektri- 
schen Bilder, die einerseits durch direkte Rindenablei- 
t u n g und andererseits vom uneroffneten Schadel gewonnen 
werden, ergeben wird. 

Es muss noch ausdnicklich bemerkt werden, dass die oben mitgeteilten 
Befunde nur fur das lebende Hirngewebe gelten und nicht fur Hirnteile, die 
tot (nekrotisch) sind oder teilweise grobe Schadigungen aufweisen. Verein- 
zelte Befunde, deren systematische Nachprufung noch aussteht, veranlassen 
zu dieser Feststellung. 

Ausserdem gilt das oben Mitgeteilte, weil nur dieses untersucht wurde, fur 
die Grossenordnung der bio elektrischen Erscheinungen der Hirnrinde 
und fur die zu deren Registrierung ubhchen Empfindbchkeiten der Apparate. 
Selbstverstandlich ist anzunehmen, dass sich grossere Spannungen als die 
genannten auch auf Elektroden, die in weiterer Entfernung liegen, auswuken, 
und schliesslich muss auch mit entsprechend grossen Empfindlichkeiten, die 
aber bei dem ublichen Versuch praktisch nicht gebraucht werden, eine 
Streuung entfernter begender Punkte auf die Elektroden feststellbar sein. So 
haben Untersuchungen von Jung und Kornmuller, welche gleich- 
zeitige mehrfache Ableitungen bioelektrischer Erscheinungen subkortikaler 
Kerne betreffen, wie an anderer Stelle ausgefuhrt wird*, unter Umstanden 
abweichende Befunde ergeben, was u.a. darauf zuruckzufuhren ist, dass die 
Grossenordnung der bioelektrischen Potentialschwankungen subkortikaler 
Kerne niedriger liegt als die der Hirnrinde. 

V. ZuSAMMENFASSUNG 

Bei Ableitung von der weit blossliegenden Hirnrinde ist 

1- d as Kurvenbild der unipolaren Ableitungen unabhangig von der Lage 

-Erste Mitteilungen daruber erscheinen im Zbl Neurol (Vortrag m dor Neurol - 
1 aychiatr. Ges. Berlin, Jan 1938) und im Arch Psychiatr., 1938, JOS. 
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der indifferenten Elektrode, obgleich bei verschiedener Lage dieser Elektrode 
morphologisch wie bioelektrisch unterschiedliche Himgebiete zwischen den 
Ableitepunkten liegen. 

2. Das Kurvenbild der bipolaren Ableitung ist gleich der Differenz der 
beiden unipolaren Kurven, die von den Punk ten der bipolaren Ableitung 
gewonnen werden. 

3. Selbst Krampfstrome, die zwischen den beiden Elektroden einer 
Ableitung hervorgerufen werden, lassen unter den iiblichen Bedingungen 
keine physikalische Streuung auf diese Elektroden erkennen. 

Am Schluss werden die Befunde kurz besprochen, 
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I. Introduction 

In an earlier paper by Glickman and Gellhom (1938) it was shown that 
rats when in hypoglycemia show an increased sensitivity to diminished 
barometric pressure. A mild degree of anoxia, which produces no symptoms 
at normal blood sugar levels, decreases the latent period for insulin con- 
vulsions, although the blood sugar at the time of convulsions is no lower 
than that associated with insulin convulsions in animals kept under normal 
atmospheric pressure. The experiments give added support to the anoxia 
theory of insulin convulsions. It is important to extend the observations to 
preconvulsive states in order to determine whether a subconvulsive lowering 
of the blood sugar is also accompanied by an increased sensitivity to low oxy- 
gen tensions. If this were the case substantial progress would be made in 
the understanding of the mechanism by which hypoglycemia affects the 
central nervous system. In order to test this hypothesis it is desirable to use 
a reaction, suitable for quantitative measurements, and one that is also de- 
pendent on the excitability of some part of the central nervous system. For 
this purpose the blood pressure response to low oxygen tension was chosen. 
Gasser and Loevenhart (1914), and later Heymans, Nowak and Samaan 
(1934) concluded that the rise in blood pressure accompanying the inhala- 
tion of air at a low oxygen tension is due to direct stimulation of the vaso- 
motor center. Since the level of the blood pressure increases with decreasing 
oxygen tension, this reaction may be used for quantitative study. Recent 
experiments of Lambert and Gellhom (1938), however, indicate that the 
rise in blood pressure during anoxia is due to reflex stimulation of the vaso- 
motor center. For our considerations this new interpretation of the blood 
pressure rise occurring in anoxia is of little concern since the rise in blood 
pressure may be taken as a measure of sympathetic excitation, irrespective 
of whether the sympathetic center has been stimulated directly or reflexly. 
If the theory based on the work of Olmsted and Logan (1923), Olmsted and 
Taylor (1924), Holmes (1930), Wortis (1935), Dameshek and Myerson (1935), 
Loman and Myerson (1936), and Himwich and collaborators (1937) is correct, 
that a lowering of the blood sugar reduces both the sugar and oxygen con- 


* Grateful acknowledgment is made to The John and Mary R. Markle Foundation 
for the support of this work. 

t The material here presented has been abstracted in two preliminary papers by 
Moldavsky and Gellhom (1937) and Ingraham, Moldavsky and Gellhom (1937)f 
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sumption of the brain, the rate of oxidation in the brain should be diminished 
to such an extent that a condition prevails comparable to that induced by 
inhalation of low oxygen tensions If this were the case, lowering of the blood 
sugar during a mild degree of oxygen deficiency would induce symptoms of 
more severe anoxia (as measured in terms of blood pressure response) than 
would occur at normal blood sugar levels. This would mean, in other words, 
that as the blood sugar level progressively falls the increment of rise in the 
blood pressure from inhalation of a given oxygen tension would steadily 
increase. This indeed has proved to be the case. 

EXPERIMENTAL METHODS 

Dogs anesthetized by intrapentoneal injection of sodium barbital, sodium amytal, 
or "Chloralosane” were used as experimental subjects Blood pressures were recorded from 
the carotid artery by mercury manometer The femoral artery and vein of one leg were 
utilized for withdrawal of samples of blood, Lilly's insulin and the various sugar solutions 
employed were administered by the intravenous route The dosages of insulin varied from 
1 8 units per kilo to 8 units per kdo Blood sugar determinations were done on protein 
free filtrates hy the methods of Fohn and Wu, or by that of Shaffer and Hartman De- 
terminations of calcium (Kramer and Tisdall), potassium (Kramer and Tisdall), and phos- 
phorus (Kuttner and Lichtenstein, cf , Peters and Van Slyke, 1931) were also made 
The pH was determined with the quinhydrone electrode The dogs were caused to breathe 
6 2 per cent oxygen mixed with nitrogen from Douglas bags for 1-3 minutes This con- 
centration produces, in ordinary circumstances, either no rise in blood pressure or a slight 
rise In some experiments pneumothorax was induced and artificial respiration instituted. 
More than 60 experiments were performed 

II. Results 

1. Augmentation of blood pressure response to oxygen deficiency 
during hypoglycemia, and its diminution by glucose 
Figures 1A and B show the alteration in the blood pressure response to 
the inhalation of 6.2 per cent oxygen as the level of the blood sugar is dimin- 
ished It is seen that the blood pressure response to 6 2 per cent oxygen is 
very shght and practically identical when the blood sugar is 110 and 100 
mg. per cent respectively. When msulm becomes effective and tests are made 
with blood sugar at 54 and at 43 mg. per cent enormous elevations of the 
blood pressure occur (Figs 1A and IB). In the latter experiment the change 
in pressure is so great that distinct vagal pulses develop; the rise m blood 
pressure, moreover, continues over a considerable period after air had been 
readmitted. Even in such circumstances the reaction is completely reversible, 
as the last tracing in Fig. IB indicates. The intravenous injection of glucose, 
by which the blood sugar was raised to 194 mg. per cent, restores the original 
shght response to 6.2 per cent oxygen. A further increase in blood sugar above 
the normal level, even up to 400 or 500 mg. per cent, did not alter the blood 
pressure reaction to 6 2 per cent oxygen. 

2. The reversal of the blood pressure response to low oxygen tensions 
m hypoglycemia by different monosaccharides 
Investigations of the relative abilities of the various sugars to combat 
the hypoglycemic state (Herring, Irving and MacLeod, 1924; Noble and 
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MacLeod, 1923) have shown glucose to be by far the most efficacious. Fruc- 
tose has a temporary effect and galactose is exceedingly evanescent in its 
action and then only in mild hypoglycemia. These findings, together with 
the fact that the blood pressure response to 6.2 per cent oxygen offers a defi- 
nite insight into the metabolic activities of the brain, led to experiments in 
which not only glucose, but galactose and fructose were used in attempting 
to reverse the augmented blood pressure response to oxygen deficiency dur- 
ing hypoglycemia. 

Figure 2 indicates that levulose has some effect on the blood pressure re- 
action to inhalation of 6.2 per cent oxygen, since a rise in blood sugar by 
levulose to 78 mg. per cent (determined as glucose), somewhat lowers the 
blood pressure response to 6.2 per cent oxygen. Added reduction occurred 
when a further elevation of the blood sugar level was brought about by injec- 
tion of glucose. Figure 2 also shows that, even after the sugar had been raised 
to 141 mg. per cent and a reaction obtained similar to that at normal blood 
sugar level, the blood sugar began to fall again to 32 mg. per cent causing the 
blood pressure response to become enormously increased. Since the blood 
sugar concentration at No. 5 and No. 12 of Fig. 2 were practically identical 
(34 and 32 mg. per cent respectively) the much greater response at No. 12 
indicates that the duration of hypoglycemia is, in addition to the degree of 
hypoglycemia, an important factor in determining the extent of the blood 
pressure response. 

In general it was found that when the blood sugar was raised to 100 mg. 
per cent or above by the injection of levulose the blood pressure reaction to 
6.2 per cent oxygen was not reduced as quickly and as effectively as in similar 
circumstances when glucose was injected. In some cases, however (c/., the 
second experiment in Table I), a complete restoration of the original reac- 
tion was brought about by levulose. 

Galactose was also tested in a number of experiments and was invariably 
found to be ineffective. In Figs. 3 and 4 typical records are given. In each 
of these experiments a restoration of the original reaction could be obtained 
by injection of glucose. 

3. Observations on respiration 

During the experiments described above it was frequently observed that 
after the period of inhalation of 6,2 per cent oxygen Cheyne-Stokes breathing 
occurred. Such periodic breathing, however, was generally absent as long as 
the blood sugar was high. If, however, the blood sugar fell below a critical 
level, which was ordinarily around 40 mg. per cent, Cheyne-Stokes breathing 
occurred immediately after the inhalation of 6.2 per cent oxygen and readmis- 
sion of air. Figure 2 well illustrates this phenomenon, particularly at No. 12 
where a prolonged interval of periodic breathing occurs at a blood sugar level 
of 32 mg. per cent, but even at that level the breathing was perfectly regular 
before 6 2 per cent oxygen was inhaled. In the same experiment a slight in- 
dication of periodic breathing was observed in Fig. 2 at No. 5, but this was 
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Table I. Ability of Fructose to Reverse the Hypoglycemic Blood Pressure Response 

to 6.2 Per Cent Oxygen. 



Blood 

Blood pressure in 
mm. of Hg. 

Difference 
in mm. 


Time 

sugar 
mgm. % 

Before 
6.2% 0 2 

Max. rise 
during 
6.2% O: 

Remarks 

11:15 a.m. 

90 

121 

1 48 

27 

15 kilo dog injected* with 60 

12:10 p.m. 

43.7 

110 

148 

38 

mg. /kilo of amytal at 9: 00 a.m. 
Insulin (120 units) injected intra- 
venously at 10:35 a.m. 

12:23 p.m. 

104 

106 

124 

18 

Fructose (15 cc. of 30 %) injected 
at 12:15 p.m. 

12:51 p.m. 

42 

122 

160 

38 


11:36 a.m. 

72 

98 

120 

22 

Another experiment: 16.6 kilo 
dog injected with 65 mg./kilo 
amytal at 9:00 A.M. Insulin 8 
units/kg. injected between 10:55 
and 11: 03. 

11:57 a.m. 

48 

101 

151 

49 

' 

12:26 p.m. 

102 

110 

147 

37 

15 cc. fructose injected between 
12.T8 and 12 :21 p.M. 

12:43 p.m. 

64 

102 

149 

47 


11:12 a.m. 

90 

122 

148 

26 

Another experiment: 15.0 kilo 
dog injected with 65 mg./kilo 
amytal at 9 : 00 A.M. Chest opened; 
artificial respiration. Insulin 8 
units /kg. injected bewteen 10:30 
and 10:35 a.m. 

12:07 p.m. 

43.7 

109 

149 

40 

15 cc. fructose injected at 12;15 
P.M. 

12:23 p.m. 

104 

102 

123 

21 

1 :00 p.m. 

42 

122 

160 

38 

... 


* An injection intravenous; anesthesia sodium amytal in all three experiments. 


eliminated by the injection of levulose and glucose. A pertinent illustration 
is also found in Fig. 3, where marked periodic breathing occurred at 44 mg. 
per cent blood sugar level after the inhalation of 6 per cent oxygen. It is in- 
teresting that the injection of galactose which did not alter the blood pressure 
response to 6.2 per cent oxygen decidedly improved respiration and dimm 
ished the period during which periodic breathing was observed (Fig. 3, No. 
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A further improvement was obtained on injection of glucose (Fig. 3, No. 10). 
Occasionally it was found that 6.2 per cent oxygen induced a prolonged period 
of apnea when inhaled at a low blood sugar level. In one experiment the 
period of apnea lasted for 9 minutes, although before and after this experi- 
ment when the blood sugar was higher the respiration was normal. During 
this long period of apnea it was necessary to resort to artificial respiration 
to maintain life. 

4. Ionic changes in the blood during insulin hypoglycemia 

The studies described in this paper have included also an investigation 
of the concentration of those ions in the blood which influence the excitability 
of the nervous system. The 9 experiments in which such chemical analyses 
were made are summarized in Table II. The results indicate great variability 
in the changes of calcium and potassium, these occurring independently of 


Table II. Changes in Blood Chemistry after Insulin. 


Insulin units 

K mg. % 

Ca mg. % 

K /Ca ratio 

P mg- % 

pH 

per kg. 

(D* 

(2)** 

ay 

(2)** 

(1)* 

(2)** 

ay (2 )** 

(1)* 

(2)** 

1.8 

14.4 

12.36 

13.22 

13.25 

1.08 

0.90 

3.4 1.8 

7.44 

7.27 

6 .61 

15.6 

12.86 

12.5 

13.34 

1.25 

0.96 

4.1 1.2 

7.26 

7.39 

1.8 

26 

12.6 

11.86 

13.0 

2.36 

0.97 

6.8 1.9 

7.3 

7.33 

5 .9f 

18.6 

12.4 

14.12 

12.92 

1.31 

0.96 

4.3 2.2 

7.09 

7.09 

8 

10.11 

18.34 

12.64 

7.54 

.80 

1.06 

4.5 1.6 

— 

— 

6.5 

11.16 

10.46 

7.18 

6.14 

1.55 

1.75 

4.4 2.3 

7.28 

7.25 

4.2f 

12.25 

15.69 

7.98 

5.17 

1.53 

3.06 

3.2 1.6 

7.16 

7.24 

6.7 

21.41 

11.02 

10.86 

12.58 

1.97 

0.97 

4.2 2.2 

7.26 

7.21 

7.2 

11.10 

13.97 

6.49 

3.94 

1.71 

3.50 

7.6 3.6 

7.31 

7.29 


* Before injection of insulin. 

** At lowest blood sugar level after insulin, 
f Given in two doses separated ;by 'brief interval. 


both the alterations in the blood pressure and the blood sugar. Phosphorus, 
however, showed a constant tendency to decrease during hypoglycemia. Such 
ionic changes are probably of no significance in connection with the phe- 
nomena studied. This is obvious with respect to the K/ Ca ratio which varies 
in a random fashion. Although the blood phosphorus decreases regularly 
with decreasing blood sugar, the rate of decrease of these two substances is 
quite different, and the augmented blood pressure response to oxygen de 
ciency is greatest at the lowest blood sugar level, but not at the lowest phos- 
phorus concentration. 

As Table II shows, the changes in pH were insignificant except in the firs 
two experiments in which the change was greater than 0.1. While in bo 
experiments the blood pressure reaction increased with falling blood sugar, 
the pH increased somewhat in one case and decreased in the other. It is i® 
probable therefore that changes in the acidity of the blood play an importan 
part in the reactions just described. 
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III. Discussion 

The uniformity of the results indicate that with progressive hypoglycemia 
the blood pressure response to low oxygen-nitrogen mixtures progressively 
increases. This effect is attributed solely to the changes in blood sugar level 
and to the duration of the hypoglycemic state. The first contention is proved 
by numerous experiments in which it was found that: (i) The increase in re- 
sponse corresponds to the blood sugar level and not to the amount of insulin 
injected, (ii) The increase in blood pressure response to low oxygen is largely 
independent of other chemical changes which may occur in the blood, (iii) 
The normal blood pressure response is restored by injection of glucose. 

The second contention is based on the fact that the blood pressure response 
to 6.2 per cent oxygen increases when a given low blood sugar concentration is 
maintained for some time. With regard to the effect of the various sugars, it is 
interesting to state that the effectiveness follows the series: glucose >levulose 
> galactose, which is identical with that found by MacLeod and collaborators 
(1923, 1924) when they studied the curative effects of various sugars in insulin 
coma. It was noted that galactose improves respiration although it fails to 
lower the blood pressure response to the inhalation of oxygen deficient gas 
mixtures. Since it is unlikely that the excitability of two medullary centers 
such as the respiratory and the vasomotor center react differently to galactose 
the findings may indicate a different locus of action in the two cases. 

Extensive studies by Gellhorn and Lambert (1938) have shown that the 
blood pressure response to low oxygen tensions is greatly modified by respira- 
tion. Experiments were, therefore, carried out to study the blood pressure 
reaction to 6.2 per cent oxygen at various blood sugar levels in dogs with 
pneumothorax and artificial respiration. Since the results were similar to 
those described in this paper the increased blood pressure response to 6.2 
per cent oxygen cannot be attributed to alterations in respiration. Moreover, 
the differences observed are much greater than those which can be obtained 
by quantitative changes in respiratory volume. 

The greatly increased blood pressure response to 6.2 per cent oxygen 
indicates that hypoglycemia reduces the rate of oxidations in the central 
nervous system to such an extent that a further reduction by the inhalation 
of 6.2 per cent oxygen produces a rise in blood pressure somewhat like that 
found when oxygen in very low concentrations is inhaled. Although this 
hypothesis has been supported by our investigations the mechanism by which 
this is achieved is still obscure. Lambert and Gellhorn (1938) have recently 
shown that the rise in blood pressure following the inhalation of low oxygen 
tensions is exclusively due to the stimulation of chemoreceptors in the carotid 
and aortic bodies, i.e., elimination of their end organs by bilateral vagotomy 
and denervation of the carotid sinus areas, reverses the blood pressure reac- 
tion to low oxygen tension. A fall in blood pressure ensues whereas before 
the denervation, or after restoration of the temporally blocked vagus fibers, a 
rise in blood pressure accompanies the inhalation of low oxygen tension. In 
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the light of these experiments it is probable that the responsiveness of the 
medullary centers to afferent impulses originating in the chemoreceptors 
(carotid body and the arch of the aorta) is increased by hypoglycemia. A final 
decision of these questions will be given in experiments in animals with re- 
moval of all "buffer” nerves. 

Finally, attention must be called to the principal differences between the 
effects of pare oxygen deficiency and those produced by the combination of 
hypoglycemia and inhalation of low oxygen. The blood pressure response to 
inhalation of 6.2 per cent oxygen at low blood sugar level is much greater 
than can be obtained by inhalation of a gas containing a much smaller oxygen 
concentration or even by inhaling pure nitrogen. Several experiments were 
carried out in which narcotized dogs inhaled 6, 5, 4, 3, and 2 per cent oxygen, 
and also pure nitrogen for 1-3 minutes. It was found that those oxygen con- 
centrations which could be inhaled for 3 minutes without causing respiratory 
and circulatory failure (i.e., 3 per cent oxygen or higher) never caused a rise 
in blood pressure comparable to that obtained on inhalation of 6.2 per cent 
oxygen in hypoglycemia. If the oxygen concentration is too low (3 per cent 
or less) heart failure develops rapidly and the blood pressure falls. 

This fundamental difference in the effects of hypoglycemia combined with 
the inhalation of a moderately reduced oxygen concentration, and of nitrogen 
inhalation at a normal blood sugar level, becomes understandable if we take 
into account the fact that hypoglycemia reduces the oxidation rate more in 
the central nervous system than in other organs of the body. The central 
nervous system consumes carbohydrates almost exclusively. Its respiratory 
quotient approaches unity (Lennox, 1931; Dickens and Simer, 1931; 
Himwich and Nahum, 1932). The heart, however, is able to do work with 
much lower respiratory quotients. The combination of hypoglycemia with 
inhalation of low oxygen gas mixtures seems to diminish the oxidative pro- 
cesses in the central nervous system more than any other known procedure 
without causing death by heart failures. The greatly increased blood pressure 
response may be taken as an indication of the tremendous excitation of the 
sympathetic centers. The significance of these findings for the schizophrenia 
problem is discussed elsewhere (Gellhorn, 1938). 

IV. Summary 

The relation between hypoglycemia and anoxia, as far as the central 
nervous system is concerned, has been tested by investigating the blood pres- 
sure reaction in dogs to a given degree of anoxia obtained by inhalation o 
6.2 per cent oxygen. It is known that increasing degrees of anoxia produce 
proportionately greater rises in blood pressure. On this basis the blood pres- 
sure reaction to a given oxygen concentration (6.2 per cent) may be used as 
an indicator of the degree of oxygen want in the central nervous system. T e 
experiments have shown: 

1. Insulin, by virtue of the hypoglycemia produced, causes augmentation 
in the blood pressure rise to a given degree of oxygen deficiency. 
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2. This effect is a function of the decrease in the level of blood sugar. This 
is indicated by: (a) The failure of this augmentation effect to appear in those 
experiments where insulin did not significantly alter the blood sugar level, 
(b) The observation that the blood pressure response to the inhalation of 
6.2 per cent oxygen varied inversely as the blood sugar concentration, (c) The 
fact that the restoration of the blood sugar level after hypoglycemia, by the 
intravenous injection of glucose, diminishes the blood pressure response and 
restores it to normality. 

3. Of the other monosaccharides: fructose, although to a lesser degree 
than glucose, is capable of lessening the degree of blood pressure response to 
oxygen deficiency; galactose fails to bring about such reversal. 

4. The ionic changes in the blood (K, Ca, H) appear to bear no relation 
to the phenomenon. The K/Ca quotient shows random variations. The phos- 
phorus concentration decreases with falling blood sugar. The rate of change is, 
however, different for phosphorus and for blood sugar. The blood pressure 
response is dependent on the change in blood sugar rather than the change 
in blood phosphorus. 

5. That the oxidative processes in the brain are diminished in hypogly- 
cemia is further indicated by the fact that inhalation of 6.2 per cent oxygen 
may induce Cheyne-Stokes breathing when the blood sugar is low, although 
it fails to do so when the blood sugar level is restored by injection of glucose, 
levulose, or galactose. 

6. The increased blood pressure response to oxygen deficient gas mixtures 
(6.2 per cent oxygen) observed in hypoglycemia is greater than the blood 
pressure rise obtained on inhalation of pure nitrogen at normal blood sugar 
levels. This is due to the fact that hypoglycemia, in contrast with the effects 
of nitrogen inhalation, reduces the rate of oxidation in the brain more than 
in other tissues. Therefore, a greater reduction in the oxidative metabolism 
can be achieved and maintained in the brain by combination of the hypo- 
glycemic state with the inhalation of 6 per cent oxygen than by inhalation of 
nitrogen. In the latter case heart failure develops rapidly and the blood pres- 
sure falls. 
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The most characteristic spontaneous electrical activity of the human cere- 
bral cortex is a 10 per sec. oscillation (a rhythm), yet its origin and distribu- 
tion over the cortex is still undecided. Adrian and Matthews 1 and Adrian and 
Yamagiwa 2 reported evidence for the origin of the a rhythm in the occipital 
lobes. This view was supported by observations of Tonifies. 20 On the other 
hand, Berger 6 - 7 - 8 maintained that a rhythm could arise in parts of the cortex 
other than the occipital lobes. In agreement with Berger, Foerster and Alten- 
burger 11 found a well defined 10 per sec, rhythm over many regions of the 
cortex, and Jasper and Andrews 14 concluded that the precentral a rhythm is 
independent of the occipital lobes for its origin. 

Preliminary experiments revealed that the two opposing interpretations 
could be substantiated depending on the method of recording employed. The 
present investigation is primarily concerned with (a) the determination of 
which method of recording electro-encephalograms from electrodes on the 
scalp gives the truer representation of the a activity of the brain tissue under 
the electrodes, and (b) the bilateral distribution of the a rhythm over the 
cerebral cortex. 

APPARATUS AND PROCEDURE 

Two independent, well-matched amplifiers and ink-writing undulators built by Mr. 
A. M. Grass were used in conjunction with two filter systems tuned to 10 cycles per sec. 
The amplification was kept constant throughout the experiments, a 5 mm. pen excursion 
corresponding to 50 microvolts. 

The electrodes were flattened pellets of lead solder, about 2 mm. in diameter, fixed 
to the scalp with collodion. Electrical contact was made with Sanborn electrode paste. 
We shall use the term "monopolar” to indicate recording between one lead over active 
cortical tissue and an earthed (reference) lead on some indifferent tissue (i.e., the mastoid 
processes). The term "bipolar” will indicate potential changes between two active leads 
over cortical tissue which are recorded with balanced (push-pull) input amplifiers. 

The subject, with his eyes closed, reclined on a bed in a semi-darkened, quiet, shielded 
room. In the majority of the experiments, performed on 17 adult males, the electrodes 
were arranged in two rows from the back to the front of the head over both cerebral 
hemispheres about 3 cm. to either side of the midline. Usually 7 electrodes were fixed to 
the scalp on each side and potentials from the corresponding leads on both sides were 
recorded simultaneously. Records were obtained from each subject on at least two dif- 
ferent days, sometimes being repeated one or more times on the same day. Fig. 1 illus- 
trates the customary placement of active leads along the head. The electrodes were al- 
ways placed roughly over the same regions of the cortex by the use of Kronecker’s method 
ofcranio-cerebral topography so that differences in size of individual heads were corrected 
for (Fig. 1). 

At least 3 consecutive a waves with amplitudes of 7 microvolts or more were arbi- 
trarily required to constitute an a rhythm. (This criterion was first suggested by Dr. 
Hallowell Davis and Pauline A. Davis in a personal communication.) The percentage of 

* Aided by a grant from the Child Neurology Research (Friedsam Foundation) . 
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Fig. 1. Diagrammatic representation of one hemisphere of the cerebral cortex illus- 
trating the placement of active leads over it. Roughly, electrode I is over the posterior 
tip of the occipital lobe; II, over the occipito-parietal fissure; III, mid-parietal; IV, central 
fissure (fissure of Rolando); V, VI, and VII divide the frontal lobe into 3 approximately 
equal parts. Usually an equal number of electrodes were similarly placed over the other 
hemisphere. The distances between successive electrodes were not exactly equal, but about 
5 cm. apart for most individuals. 



OCCIPITAL PARIETAL FRONTAL 

Fig. 2. Distribution of per cent time alpha over the right cerebral hemisphere of J.D- 
(Bipolar Recording) . Note the similarity of this curve to the one in the insert (^ cot P , 
and Yamagiwa, Brain, 1935, 58: p. 339, Fig. 21B). The distance between the electrou 
is almost the same in both curves. 
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2 consecutive meters of record occupied by the a. rhythm ( per cent time alpha ) wag used 
as the measure of the amount of « activity in the various cortical areas. (The speed of the 
moving paper tape was 30 mm./sec. Therefore, it took slightly more than a minute to 
obtain 2 meters of record.) 

Results 

When electro-encephalograms were recorded between successive pairs of 
active leads (bipolar) separated by about 5 cm., the per cent time alpha was 
distributed over the cortex* in a manner similar to that found by Adrian 
and Yamagiwa 2 for the average amplitude of the a waves (Fig. 2). The close 



Fig. 3. Distribution of per cent time alpha over the right cerebral hemisphere in J. D. 
with monopolar recording (Curve A, open circles) and with bipolar recording (Curve B, 
solid circles). The data for the two curves were taken simultaneously and therefore are 
strictly comparable. 


similarity between the two curves bears out the direct relationship often 
observed between the per cent time alpha and the amplitude of the a waves 
making up the rhythm. Furthermore, Fig. 2 illustrates the ease with which 
Adrian and Yamagiwa’s results may be reproduced, and is in harmony with 
an occipital origin of the a rhythm. They also used bipolar recording in their 
experiments. However, when records were obtained from the same electrodes 
and the same subject as in Fig. 2 using monopolar instead of bipolar leads, 


We cannot insist on the precise shape of the individual parts of the curve in Fin. 2 
or ln any of the other figures in this paper, since the points on the curves are about 5 cm. 
apart. We can say, however, that it is legitimate to draw smooth curves between the 
points Since onr results from closely spaced (1 cm. apart) electrodes indicate that the 
points of inflection are not sudden or very sharp. 
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the per cent time alpha was found to be distributed in a different. way. The 
curve (A) connecting the open circles in Fig. 3 represents the distribution of 
per cent time alpha with monopolar recording. The solid circles curve (B) is 
the same as that in Fig. 2. 

The two curves are much alike for the occipital and the first part of the 
parietal areas (Fig. 3). The per cent time alpha distribution over the frontal 
cortex, however, differs markedly with the two methods of recording. Curve 
A supports the generalized origin of the a rhythm, claimed by Berger, since 
a higher per cent time alpha in the frontal lobe could not possibly be due merely 
to spread of the rhythm from the occipital lobe. The amplitude of the a waves 
throughout most of the frontal lobe was appreciably greater than in the occi- 
put. The type of distribution curve obtained must depend on which of the 
two recording techniques is employed. Accordingly, a series of control experi- 
ments was devised to obtain a better understanding of these methods. 


Monopolar (Grid-Ground) Recording 

(1) Is the grounded ( reference ) lead truly an " indifferent ” lead ? The per 
cent time alpha from any region of the cortex was the same whether the mas- 
toid processes or the ear lobes were used for reference points. When active 
electrodes were placed on each of the mastoid processes, the ears serving as 
reference tissue, no appreciable per cent time alpha was observed. The same 
was true when the earthed lead was placed on the bridge of the nose. Bipolar 
recording between the two mastoid processes gave essentially the same re- 
sults, which were independent of the absolute value of the occipital per cent 
time alpha. We believe, therefore, that electrodes placed on the mastoid 
processes, on the ear lobes, or on the bridge of the nose constitute satisfactory 
reference leads. 

(2) Distance between electrodes. Records were taken from the same grid 
electrode on the scalp, using the nose and mastoid electrodes simultaneously 
as reference leads. The per cent time alpha from the various electrode positions 
along the head was always the same for both reference and given active elec- 
trode combinations (in fact, the two records were superimposable), although 
the distance from nose to the active electrode and from mastoids to the same 
active lead was never equal. 

We conclude that with monopolar recording the per cent time alpha ob- 
tained is a measure of the amount of activity under the active electrode, and 
that neither the reference lead nor the distance between it and the active 
electrode contributes materially to the picture. 


Bipolar (Push-Pull) Recording 

The distance between active leads in bipolar recording undoubtedly play s 
a role in determining the "net” potential changes recorded between the lea s. 
It is, however, by no means the most important factor. The differen per 
cent time alphas (see Fig. 3, A and B) obtained with the monopolar and bipolar 
methods may result from factors operating singly or, more probably, m un 
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predictable combinations in the latter method From the magnitude of the 
per cent time alpha, phase relations, synchronization of a "bursts” of activity 
and "silent” periods, and amplitude of the a waves occurring under both elec- 
trodes simultaneously determine to what degree the true a activity which 
exists under each electrode may be distorted by bipolar recording The way 
in which these variables may act is illustrated by the following experiment 
Five electrodes were placed at intervals of 1 cm between our standard 
electrodes II and III (occipito parietal fissure to mid-panetal region) This 
region was chosen since approximately the same distribution curve is obtained 
here with both monopolar and bipolar recording, and because marked phase 
shifts occur in this region (Adrian and Yamagiwa 2 ) Records were obtained 
from the various bipolar combinations simultaneously with monopolar ar- 
rangement of the same active electrodes, so that the per cent time alphas in 



-320- 


-15- 


-530- 


Fic 4 Electrodes A, B, C, D, and E placed at intervals of about 1 cm between the 
occipito parietal fissure to the mid parietal region Lead A corresponds to our standard 
lead IX (occipito parietal fissure) and electrode E to standard lead III (mid parietal) 
Figures within the squares represent the monopolar per cent time alpha for each electrode 
placement All other figures represent per cent time alphas obtained from combinations 
of the same electrodes using bipolar recording Subject J D Compare these monopolar 
values with those between leads II and III in Fig 3 


Fig 4 are comparable Bipolar leads give markedly different per cent time 
alphas from monopolar leads, and they do not bear any constant relationship 
to the latter The monopolar per cent time alphas for electrodes A, D, and E 
were about the same, namely, approximately 60 0 Bipolar per cent time alpha 
between A and D, however, was 1 5, and that for A to E 53 0 Recording be- 
tween bipolar leads spaced farther and farther apart along the head (I— II, 
I— III, I-V, etc ) and between analogous leads on each hemisphere (II left — 
II right) gave similar anomalous results Obviously, we are not dealing simply 
with an algebraic difference between the amounts of a activity under the two 
electrodes 

We have obtained bipolar per cent time alphas which were much lugber 
than that under each electrode alone In such cases, even when the grid 
ground per cent time alphas under each electrode were identical, the bursts of 
a activity did not occur simultaneously under both electrodes, but, m the 
mam, first under one and then under the other The net effect of this situation 
was an almost continuous a rhythm for certain stretches of record and much 
less activity in other portions of the record where more synchrony of a bursts 
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occurred under the electrodes. On the other hand, even when the bursts of 
activity occur simultaneously under both electrodes, the amplitude of the 
a waves in the bipolar tracing may be considerably lower than in either of 
the monopolar tracings. Further complications in bipolar recording would 
also arise when the individual a waves under both electrodes are not in phase. 

The Bilateral Distribution of Per Cent Time Alpha 

(1) Foci of maxima. It was unusual for both hemispheres to show the 
same distribution of per cent time alpha. A typical set of curves is shown in 
Fig. 5. There usually was at least one other region of maximal a activity be- 



sides the occipital lobes. This other region was not always in the same por- 
tion of the frontal lobe in each hemisphere. For example, in Fig. 5 the left 
frontal lobe maximum was under lead V, whereas on the right side it was un er 
electrode IV.* The curves from leads I to III, however, were usually t e 
same for both hemispheres, differing only in absolute values. 

(2) Variability. The frontal distribution curves varied a great deal from 
individual to individual (compare Figs. 3A and 5). For a given subject it may 
vary within comparatively short periods of time or from day to day. ese 
statements apply to the majority of the 17 subjects studied, althoug we 

* The distance from IV to V (about 5.0 cm.) is too great to explain the difference m foci 
of maxima in the frontal lobes on the basis of an anatomical asymmetry ot the 
spheres. 
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have seen some individuals whose distribution of per cent time alpha was rel- 
atively constant. Fig. 6 illustrates the fluctuation of the distribution curves 
of subject O.S. for the right cerebral hemisphere only. Curve B was obtained 
from the same electrodes as Curve A, but one half-hour later. Curve C was 
obtained from the same individual one day later. 

The first portions of all 3 curves are quite similar. Although the magni- 
tude of per cent time alpha may vary within the limits of variability for a 



given individual, the shape of the distribution curve for leads I-IV is ex- 
tremely constant. In general, this portion of the curve is the same from person 
to person irrespective of absolute per cent time alpha values. 

he extreme variability of the frontal per cent time alpha may be the source 
o another complication in bipolar recording, since the relationship between 
successive pairs of electrodes changes so radically and frequently. For ex- 
ample, one subject who had a very low occipital per cent time alpha showed 
almost no « activity over the left frontal lobe on one day. On another day 
much more « activity was found under lead VII than under lead II. 

(3) Synchrony of bursts of a activity in the two hemispheres. The bursts of 
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« waves from the two cerebral hemispheres seldom occurred simultaneously 
in the occipital lobes,* especially in individuals with low or medium per 
cent time alphas. As one progressed anteriorly along the head, synchroniza- 
tion of the bursts of a activity from the two hemispheres became much 
greater in most cases, until finally almost perfect unison was present in the 
anterior portion of the frontal lobes. However, this was not true for all the 
subjects, especially those with very high per cent time alphas. Berger 6 - 8 had 
previously reported somewhat similar differences between the two hemi- 
spheres and considered them as evidence in favor of the view that regions other 
than the occipital lobes could produce the a rhythm. Furthermore, bursts 
of a activity and the "silent” periods between them were seldom synchronized 
in the various regions of a hemisphere. In view of these facts, one may infer 
that the a rhythms in both hemispheres are relatively independent of each 
other, f and that the a rhythm may originate in any of the various regions of 
a hemisphere. 

(4) Alpha frequency. It was often found that the frequency of the a waves 
in the frontal lobes was slower by one or two cycles than that in the occiput. 
The objection might be raised that we are not dealing with the same rhythm 
in the back and in the front of the head. This frequency difference was not 
found in all individuals, and regardless of whether the frequency was the 
same or not, the frontal rhythm was just as completely obliterated on open- 
ing the eyes as was that of the occiput. This would argue against any speci- 
ficity of the a rhythm for visual functioning. The a rhythm seems to be an 
electrical activity common to all parts of the cerebral cortex, and it can be 
produced everywhere in the cortex. 

Discussion 

It is apparent that bipolar recording is not satisfactory for determining 
the amount of a activity from the cerebral cortex. Only the occipital and 
part of the parietal lobes give similar results with both methods of recording. 
"Standard” placements of bipolar electrodes over various regions of the fron- 
tal cortex, therefore, do not seem feasible. We consider monopolar recording 
superior to the bipolar method only for determining the amount of a activity 
(per cent time alpha), recognizing that bipolar recording may offer special 
advantages when employed for investigating other aspects of the electro- 
encephalogram. 

The evidence of Adrian and Yamagiwa 2 on phase change studies along 
the head favored the occipital origin of the a rhythm. Jasper and Andrews 14 

* Liber 17 has reported ependymal streaks and accessory cavities in the tip of one or 
both occipital horns (most frequently in the right hemisphere) in 16 out of 60 unse ec e 
human brains. He attributed the pathology to occlusion of the occipital horn y 1 
growth of tissues surrounding it. This might be at least partially responsible tor 
ferences in electrical activity which we have observed in the two occipital lobes o y 

f Jasper and Andrews' 3 found no constant phase relationship between the “ 
under electrodes over the left and right occipital lobes. They regarded this as evident 
certain amount of independence of activity between the two occipital fields. 
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have confirmed their observations in some subjects, but in other subjects 
the phase changes along the head were not in agreement with Adrian and 
Yamagiwa’s interpretation. We have not studied the temporal a rhythm, but 
Laugier and Liberson 16 report that the origin of the temporal rhythm is not 
the same as that for the occipital rhythm. 

The a rhythm may originate in the occipital cortex and then may be 
conducted to other regions of the cortex by sub-cortical pathways. If this 
were true, we should expect to find rather close synchronization between 
the bursts of a activity in the occipital lobes and other cortical areas. Actually, 
this is not the case. Moreover, preliminary investigations (in collaboration 
with Drs. Hoagland, Cameron, and Tegelberg) on the relationship between 
hypothalamic and cortical potentials in man show that (a) an a rhythm is 
never present in the hypothalamus unless it occurs also in the cortex, and 
that (b) the per cent time alpha is higher in the cortex than in the hypothala- 
mus. This evidence is in favor of the generalized origin of the rhythm over 
the cortex, and it indicates that the rhythm arises spontaneously from cortical 
cells independent of other central nervous influence. 

We have recently completed a study of the variability of the occipital 
per cent time alpha (Rubin 13 ). The variability of the per cent time alpha in 
most of the other cortical areas seems to be appreciably greater than that in 
the occipital lobes although we have not systematically investigated the for- 
mer. Judging from the occipital variability, the instability of the frontal 
per cent time alpha is not accountable for in terms of any variability inherent 
in the processes producing the a rhythm, but is rather the result of other nerv- 
ous influences playing upon it. 

The greater part of the cerebral cortex receives afferent fibers from the 
thalamus (Ariens Kappers, Huber, and Crosby 3 ). Since, under our conditions 
of recording, the subject’s eyes are closed, we would not expect the occipital 
a rhythm to be affected by afferent impulses relayed to the occipital lobes 
by the thalamus. In fact, the occipital a rhythm is just as unstable as the 
frontal rhythm if the eyes are kept open while electro-encephalograms are 
being taken. The frontal lobes, however, may be influenced by thalamo- 
cortical impulses set up by changes in the subject’s external and internal 
environment. The frontal lobes also receive connections from the hypothala- 
mus (Papez 18 ). In view of Bard’s 4 evidence that the hypothalamus elaborates 
afferent impulses that reach it, giving them “emotional” content, even slight, 
transitory "emotional” excitation might well be reflected in the frontal cor- 
tex. Recently Grinker 1 - has reported that electrical stimulation of the hypo- 
thalamus in the cat and in man altered both the autogenous electrical activity 
of the hypothalamus and that of the cortex. Grinker’s observations and the 
well-known fact that apprehension, embarrassment, etc., usually inhibit the 
cortical a rhythm are consistent with the notion that sub-cortical brain levels 
contribute to the marked fluctuations of the frontal lobe per cent time alpha. 

The amount of a activity in the cortex may not be simply a direct result 
of the activity of lower brain levels. Bartley 5 has shown that the entire cortex 
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of the dog is involved to varying degrees in response to sensory stimuli; the 
greatest response occurs in only one or two areas, but other areas are also 
affected. Blake and Gerard, 9 from their experiments on sleep, have suggested 
that indirect channels from one cortical region may influence other regions, 
and that the pre-existing state of the cortical neurons determines their re- 
sponse at any given time. Not only do intracortical pathways probably exist 
within a hemisphere, but pathways from one hemisphere to the other also 
have been reported. For example, evidence presented by Kornmiiller 16 and 
by Elsberg and Spotnitz 10 indicates the presence of a crossed pathway which 
connects one frontal lobe with the occipital lobe of the opposite side. 

Summary and Conclusions 

Electro-encephalograms were obtained from 17 subjects to determine the 
distribution of the a rhythm over the cerebral cortex and to evaluate the 
use of monopolar and bipolar recording for this purpose. The following results 
were obtained: 

1. Monopolar recording from electrodes on the scalp gives a truer repre- 
sentation of the amount of 10 per sec. activity (per cent time alpha) in the 
cerebral cortex than does bipolar recording. 

2. There were at least two regions of the cortex which showed maxima 
of a activity — usually some part of the occipital and frontal lobes. The curve 
describing the occipital lobe distribution of per cent time alpha was very 
stable and could be reproduced, even over long periods of time. The distribu- 
tion curve for the frontal lobe, however, was extremely variable, fluctuating 
over short intervals (| hour) and from day to day. 

3. The bursts of a waves from the two cerebral hemispheres of some in- 
dividuals were least synchronized in the back of the head, more perfect unison 
between the two rhythms being obtained the further anterior one recorded 
along the head. 

4. The bursts of a activity and the "silent” periods between them in the 
occiput did not occur simultaneously with the bursts and "silent” periods in 
the frontal lobes. Often the frequency of the a waves in the frontal lobes was 
found to be slower than that in the occipital lobes; waves of both frequencies, 
however, were obliterated when the subject opened his eyes. 

5. The evidence reported here indicates that the a rhythms of the two 
hemispheres are relatively independent of each other, and that the a rhythm 
may arise in all regions of the cerebral cortex. 

6. Factors which might account for the marked fluctuation of the fron a 
lobe per cent time alpha are discussed. 

REFERENCES 

1. Adrian, E. D., and Matthews, B. H. C. The Berger rhythm: potential changes 

from the occipital lobes in man. Brain, 1934, 57: 355-384. . r o. 

2. Adrian, E. D., and Yamagiwa, D. The origin of the Berger rhythm. Brain , x > 

323-351. 



DISTRIBUTION OF THE ALPHA RHYTHM 323 

3 Ariens Kappers, C U , Huber, G C , and Crosby, E C The comparative anatomy of 
the nervous system of vertebrates, including man , New York, Macmillan Co , 1936, 
2 1460-1463 

4 Bard, P The neurohumoral basis of emotional reactions In Handbook of general 
experimental psychology , Worcester, Clark Umv Press, 1934 (pp 264-311) 

5 Bartley, S H Gross differential activity of the dog’s cortex as revealed by action 
currents Psychol Monogr , 1933, 44 30-56 

6 Berger, H t)ber das Elektrenkephalogramm des Menschen IX Arch Psychiat 
Nervenkr , 1934, 102 538-557 

7 Berger, H t)ber das Elektrenkephalogramm des Menschen X Arch Psychiat 
Nervenhr , 1935, 103 444-454. 

8 Berger, H t)ber das Elektrenkephalogramm des Menschen XI Arch Psychiat 
Nervenkr , 1936, 104 678-690 

9 Blake, H , and Gerard, K W Brain potentials during sleep Amer J Physiol , 
1937 ,119 692-703 

10 Elsberg, C A , and Spotnitz, H The value of quantitative visual tests for the 
localization of supratentorial tumors of the brain Bull neurol Jnst , N Y , 1937, 
6 411-420 

11 Toerster, O , and Altenburger, H Elektrobiologische Vorgange an der mensch 
lichen Hirnnnde Dtsch Z Nervenheilk , 1935, 135 277-288 

12 Grinker, R R A method for studying and influencing corticohypothalamic relations 

Science, 1938, 87 73-74 

13 Jasper, H H , and Andrews, H L Human brain rhythms I Recording techniques 
and preliminary results J gen Psychol , 1936, 14 98-126 

14 Jasper, H H , and Andrews, H L Electro encephalography III Normal differen- 
tiation of occipital and precentral regions m man Arch Neurol Psychicft , Chicago, 
1938,39 96-115 

15 Kornmuller, A E Die bioelektrischen Erscheinungen der Hirnnndfelder Leipzig, 
Georg Thieme, 1937 

16 Laugier, H , and Liberson, W Contribution a l’£tude de l’^lectrencepbalogramme 
humam C R Soc Biol , Paris, 1937, 125 13-17 

Y7 Liber, A T Ependymal streaks and accessory cavities in the occipital lobe J Neurol 
Psychiat , 1938, 1 17-25 

18 Papez, J W A proposed mechanism of emotion Arch Neurol Psychidt , Chicago, 
1937 ,38 725-743 

19 Rubin, M A The variability of the occipital alpha rhythm in normals and in schizo- 
phrenics (In preparation ) 

20 Tonnies, J F Die Ableitung bioelektrischer Effekte vom uneroffnete Schadel Physi 
kalische Behan dlung des Problems J Psychol Neurol , Lpz , 1933, 45 154-171 



EFFECTS OF BLOOD PRESSURE CHANGES ON CORTICAL 
POTENTIALS DURING ANESTHESIA 


H. K. BEECHER, F. K. McDONOUGH, and A. FORBES 
From the Department of Physiology of the Harvard Medical School and the 
Surgical Laboratory of the Massachusetts General Hospital, Boston 

(Received for publication May 5, 1938) 

During a study of the effects of anesthetic agents upon the electrical activity 
of the cerebral cortex it appeared that some of the outstanding differences 
between the agents might be due to their secondary actions. For example, it 
has been shown 5 that the pattern of cortical action potentials in cats under 
ether varies widely from that found when pentobarbital is the anesthetic 
agent. Deep anesthesia under the latter drug is frequently associated with a 
low systemic blood pressure. Any attempt to evaluate the differences between 
such agents requires a consideration of the influence of low blood pressure 
per se. The purpose of this paper is to describe the rather striking cortical 
effects induced by altering the level of the systemic arterial pressure. 

APPARATUS AND METHOD 

Animals. Cats were studied under third stage (surgical) anesthesia. The right posterior 
sigmoid gyrus of the cortex was exposed. Activity was recorded from the region of the 
sensory area. 

Anesthetic agents. Ether and pentobarbital sodium were used. Ether was administered 
through a tracheal cannula. When a high concentration was desired, all the air breathed 
was drawn over an ether surface. When a lighter degree of anesthesia was indicated, a 
by-pass for air was opened. Pentobarbital sodium was administered intraperitoneally, 
using 0.33 mg m. per kgm. Deep anesthesia was obtained by increasing the dose by 50 to 
100 per cent. The effects of changes in the blood pressure were studied only when the level 
of anesthesia had become constant as determined by identical flexion reflexes following 
sciatic stimulation. 

Blood pressure and its regulation. The blood pressure was recorded from a glass cannula 
inserted into the left common carotid artery. The cannula was filled with 5 per cent citrate 
solution. The blood pressure was regulated in the manner described by Cannon, 1 i.c., 
through cardiac tamponade. A cannula is tied into the pericardium and Ringer’s solution 
introduced into the pericardial sac; the Ringer’s solution flows from a levelling bulb and 
the intrapericardial pressure is regulated as desired.* The systemic arterial pressure can 
thus be abruptly altered and held at any level below the normal, or returned quickly to 
normal. This method greatly increases the intracranial venous pressure. Lowering of the 
blood pressure by bleeding (see below) caused a comparable effect on cortical activity. 
It seems unlikely that the high venous pressure of itself produced any effect. When the 
blood pressure was lowered by bleeding (one case) it was not possible to restore the pres- 
sure quickly to normal. This technic was accordingly not suitable for the experiment. 

Sensory stimulation. The central end of the left sciatic nerve was inserted into tu e 
electrodes which were placed in circuit with stimulating apparatus consisting of a ban 

* It is customary to use a glass cannula for this procedure. We found, however, that 
one prepared in the following way was easier to insert. Remove the bevel from the en o 
an ordinary 18 gauge needle, and then place a drop of solder around the orifice, rna ,n S a 
terminal knob. Place another drop of solder 2 mm. above this on the shaft of the nee . 
Hold the pericardium up with two pairs of blunt forceps; prick a hole in it with a nee e a 
then force the cannula into the sac until both knobs are inside. Tie above each o > 
and allow the pericardium to fall back into its natural position. During the time e 
is open oxygenation must be maintained by positive pressure respiration. 
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operated mercury contact key, a 1.5 volt dry cell, a string galvanometer signal device 
(Forbes and Cattell'), and a Harvard inductorium. The stimuli were make and break 
shocks spaced from one to three seconds apart, usually followed by a rapid series of shocks 
(by hand). The homolateral nerves to the hamstring muscles were left intact in order 
that a flexion response of the lower leg might occur and be recorded on a smoked drum. 
The activity of this reflex following stimulation was used as one indication of the depth 
of anesthesia. 6 , 

Electrodes. Various types of electrode were used: first, plates with one plate on the 
cortex and the other outside the skull; second, "bipolar” surface electrodes having a sepa- 
ration of 1.5 mm. were employed; finally, we used concentric electrodes. These with their 



CONCENTRIC ELECTRODES 

Fig. 1. The concentric electrodes; section and end view. 


dimensions and general arrangement are shown diagrammatically in Fig. 1. Potential 
differences were recorded between the surface of the cortex and the interior. The central 
electrode which was chosen as the grid lead, was formed as a spike and everywhere insu- 
lated except at its tip. The central spike was surrounded by a circular band, the ground 
lead. The electrodes were of silver supported by a hard rubber base. Fresh silver chloride 
was deposited upon them electrolytically each time before using. 

The pictures obtained with the concentric electrodes do not differ fundamentally from 
those obtained with the other types. Recording with the concentric electrodes was more 
satisfactory since pulsation of the cortex from the heart beat and respiration is often 
troublesome with the bipolar electrodes. With the concentric electrodes disturbance from 
this cause is minimal, for the flange of the ground lead usually fills the opening in the skull 
made to identify the desired cortical position. The potential difference appears to be some- 
what greater when the leads are taken from below — - r e - ■ 

rather than from two surface areas. This makes 
brain varies rather widely in volume at various le 
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of circulatory changes, and this usually necessitates adjustment of most electrodes. The 
concentric type described here requires less attention than the others. This type is also 
strong and durable. 

Amplifier. The potential changes between the ground and grid leads were amplified 
by the direct-coupled apparatus described by Forbes and Grass 7 and recorded on film with a 
Hindle string galvanometer. A timer with 10 msec, units recorded on one margin of the 
film; a string and magnet were used for recording make, break and series (by hand) stimuli 
on the opposite margin. 

Results 

Notwithstanding wide variations in the "normal” pattern of electrical 
activity in the cortex, certain constant changes in this activity, such as de- 


■I SEC.- 


-s NO. TIME B.P. 

MM Hf 






A ItsSt 110 


ii 




'***-*m*****»V***^^ B l|;56 5Q 

w m mmm wm « ■» 

C 11*59 60 










0 12102 87 


E 12:07 108 


Fig. 2. This shows the effects of low blood pressure upon the cortical potentials under 
ether anesthesia. Reading from left to right a "make” shock is indicated by the beginning 
of the broad black band, a "break” by its termination. In this and all subsequent records 
an upward deflection signifies negativity of the grid electrode; this was always the cen ra 
electrode which penetrated the cortex. 

crease in potential of the waves, are correlated with depression of blood pres- 
sure. Other effects, such as the "spike” response, 6 more appropriately desig- 
nated the secondary discharge (See Fig. 5C) can be elicited at one time u 
not at another. Probably this effect can be brought out only in a relative y 
narrow zone. It will be considered in the Discussion. 

Ether 

The dominant frequency of the rapid waves under ether is of the order of 
40 per sec. (See Fig. 2). The basic frequency is not significantly altered y 
variations in blood pressure of the extent shown here. Prolonged depressio 



327 


EFFECTS OF BLOOD PRESSURE CHANGES 

of the blood pressure will abolish the waves (See Fig. 3). When the concentric 
electrodes are used and the potential difference between the interior (2 mm. 
deep) and the surface of the cortex recorded, the largest of the rapid waves 
show an amplitude of about 60 micro-volts at a normal blood pressure. At 
a "shock” level (Fig. 2C), this amplitude is reduced by nearly 50 per cent. 



Fig. 3. Ether anesthesia. Blood pressure lowered by hemorrhage. This shows the ap- 
pearance of the "secondary discharge” following sciatic stimulation, and its disappearance 
on repeated stimulation. 


A true secondary discharge following sciatic stimulation was elicited under 
ether only when the animal was in poor general condition, following lowering 
of the blood pressure by hemorrhage (Fig. 3B). The disappearance of the 
effect following repeated stimuli is characteristic and evident here. This phe- 
nomenon occurs with a latency of 40 to 60 msec. It is clearly distinguished 
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Fig. 4. A record of the arrival in the cerebrum of the afferent volley following sciatic 
stimulation. Ether anesthesia. Cortical activity depressed by low blood pressure. 


from the arrival in the cerebrum of the afferent volley initiated by sciatic stimu- 
lation, both by its greater latency and by its absence in the response to all 
but the first one or two of a rapid series of stimuli. 5 The usual ether pattern 
is such that the arrival of this volley in the cerebrum cannot be detected; but, 
when the amplitude of the waves has been greatly depressed by a low blood 
pressure, the contrast is great enough to demonstrate it as in Fig. 4 (rapid 
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film). Restoration of the blood pressure to normal is quickly followed by a 
resumption of activity in the cortex (Fig. 2E). 

Pentobarbital sodium 

The pattern of activity under light anesthesia with this agent is somewhat 
similar to that found in unanesthetized cats. 5 The large excursions at normal 
blood pressure are of the order of 10 per sec. (Fig. 5). Superimposed upon 
these are smaller, more rapid waves .having a frequency of about 25 per sec. 
The amplitude of the large' excursions indicates a potential of as much as 
200 microvolts, while the faster waves show a potential of the order of 50 
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Fig, 5. This shows the various effects on cortical activity of several levels of blood 
pressure under light pentobarbital anesthesia. The "secondary discharge” has been evoked 
following sciatic stimulation and is recorded in record C. Its disappearance on repeated 
stimulation is also shown. 

microvolts. Depression of the blood pressure can obliterate all spontaneous 
waves as in Fig. 6C and D. Restoration of a normal blood pressure is quickly 
followed by the appearance of the original pattern (Figs. 5D and 6E). 

Heretofore the secondary discharge had been elicited only under deep 
pentobarbital anesthesia, under tribromethanol anesthesia or under asphyxia. 6 
We have found in this study even when the anesthesia is light, as indicated 
by a very active flexion reflex, that it is easy to bring it out merely by lowering 
the blood pressure and stimulating the sciatic (Fig. 5C). The typical fatigue 
of the effect following rapid stimuli is also shown here. It appears possible to 
lower the blood pressure to such an extent that it becomes impossible to 
elicit the phenomenon, as in Fig. 6D. At the extreme left of this record a sug- 
gestion of the effect appears; in the later part it is absent. 

Discussion 

Critical reduction of the systemic arterial blood pressure introduces nu 
merous factors for consideration which have not yet been well evaluate m 
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their cortical effects. Undoubtedly important are the resultant anoxia and the 
fall in pH of the tissues. A clear understanding of these factors will require 
much further study. If, at a constant level of anesthesia the blood pressure is 
suddenly lowered, the flexion reflex produced by stimulation of the sciatic 
is abruptly depressed, the spontaneous activity in the cerebral cortex is 
diminished. Further lowering of the blood pressure results in failure of the 
flexion reflex, and if the pressure is lowered still further the recorded activity 
n the cortex disappears. These effects are identical with those induced by 
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Fie. 6. Pentobarbital anesthesia. In record D the "secondary discharge” 
fails to appear clearly, following sciatic stimulation. 

deepening the anesthesia, and, like the effects of deep anesthesia, can be 
overcome by reversing the causative process. In other words, simple lowering 
of the blood pressure results in a reversible depression of cortical activity 
which is indistinguishable from that occasioned by anesthetic agents; indeed 
one is forced to conclude that the consequences of lowering the blood pressure, 
if not identical, are at least similar to those occasioned by increase in depth of 
anesthesia. The clinical implications of this are obvious and need not be dealt 
with here. 

Derbyshire, Rempel, Forbes and Lambert 5 have described the cortical 
effects of sciatic stimulation under deep pentobarbital anesthesia and deep 
tribromethanol anesthesia. A small initial excursion of the base line occurs 
with a latency of 10 to 12 msec, after sciatic stimulation. This, it is assumed, 
represents the arrival in the cerebrum of the afferent volley. Under the agents 
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just described, as well as under asphyxia, this primary deflection is followed 
by a secondary excursion, with a latency of 30 to 60 msec. It may be either 
mono- or di-phasic, and is, under certain conditions, reversible. 6 This effect, 
which we now call the secondary discharge, is obtained when the recorded 
spontaneous cortical activity has been abolished. The phenomenon quickly 
fails on repeated stimulation. The effect did not appear under ether unless 
asphyxia was superimposed upon the anesthetic. They suggest the possibility 
that pentobarbital and tribromethanol suppress activity in the cortex without 
blocking the sensory paths leading to it, but that ether blocks these paths 
before cortical activity is suspended. 

Unpublished studies by Forbes and Rempel, in conjunction with those of 
Adrian 1 and Bishop 2 suggest that this phenomenon may be a cortifugal re- 
sponse following arrival of the afferent impulses in the cortex. Bishop and 
O’Leary 2 have found a similar effect in the optic nerve. Here they report that 
a single maximal stimulus applied to the optic nerve in rabbits under light 
ether anesthesia leads to a response of the optic cortex in which they differ- 
entiate four components. The first two are di-phasic potentials. These may be 
fused into one, of which the first phases involve positivity of the surface of 
the cortex. The third component is a slow surface-negative deflection, whereas 
the fourth is a slow surface-positive deflection. 

Adrian 1 has found in the rabbit’s cortex under di-allyl barbituric acid 
anesthesia that electrical stimulation of the cerebral cortex causes charac- 


teristic changes in surface potentials. Weak shocks make the stimulated region 
negative to points a few mm. distant, although these stimulated points may 
still be positive to more distant points. In this case this effect is due to neu- 
rones in the superficial layers of the cortex. The form of the response is changed 
by repeated stimulation with stronger currents. Here the chief potential 
change is due to elements activated at some distance below the surface. 
He reports that good oxygenation of the cortex is necessary for the condition 
in which each wave of activity travels a little further than its predecessor. 
Under conditions in which the spread of waves is favored the period of stimu- 
lation may be followed by after-discharge. 

Somewhat puzzling is the appearance, under ether, of the secondary dis- 
charge in response to sciatic stimulation when the blood pressure was lowered 
by hemorrhage (Fig. 3B). It did not appear under this agent when the blood 
pressure was lowered by cardiac tamponade. The secondary discharge was 
easily elicited by sciatic stimulation under light pentobarbital anesthesia, 
when the blood pressure was low. When the blood pressure was normal it ias 


been elicited only under deep pentobarbital anesthesia. 

Bremer’s view 3 that the difference between ether and the barbitura e 
depends on ether abolishing equally all elements of sensory response, w i e 
the barbiturate acts selectively on after-discharge (which he relates to m er 
calated neurones, located in the cortical network, connecting sensory an 
motor elements), explains some of these facts. It probably does not accoun 
for the striking effect of secondary discharge under deep barbiturate anes e 
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sia. This effect suggests that the barbiturate blocks ordinary streams of 
afferent impulses, perhaps simply raises thresholds in channels of approach 
to the cortex and thus "puts the cortex to sleep,” as evidenced by smoothed 
base line; and that massive sensory stimuli (strong shock to sciatic), by virtue 
of number of simultaneous nerve impulses, break through the partial block 
and initiate the cortifugal discharge (or perhaps laterally spreading discharge) 
which constitutes the "spike.” The fact that this is not evoked when the cor- 
tex is already active (in light barbiturate anesthesia) and its immediate sub- 
sidence on rapidly repeated volleys, indicates a "line busy” effect; i.e., when 
the mechanism is thrown into action it becomes refractory to further stimuli 
for nearly a second. 

Summary 

Concentric electrodes are described which are useful in studying the elec- 
trical changes in the brains of experimental animals. The grid lead is from a 
point within the cortex; the ground lead from the surface. 

The typical cortical patterns found under ether and under pentobarbital 
anesthesia have been recorded at a constant level of anesthesia. The systemic 
arterial pressure has then been varied by means of cardiac tamponade and 
the cortical effects of this recorded. 

At a constant level of anesthesia a fall in blood pressure is followed by 
cortical changes which are indistinguishable from those caused by an increase 
in the depth of anesthesia. 

The similarity extends even to the appearance on sciatic stimulation of a 
secondary cortical discharge under pentobarbital anesthesia. Heretofore this 
secondary discharge had been evoked only under deep anesthesia. The phe- 
nomenon is briefly discussed. 
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In an early stage of curarization, voluntary muscle still responds to an iso- 
lated volley of impulses sent over its motor nerve. A second volley 0.1 to 10 
secs, later evokes a weaker twitch than did the first, and within limits the 
weakening is progressive if the series is continued (Rosenblueth and Morison, 
1937). The first volley clearly leaves an inhibitory after-effect which is ca- 
pable of being summated. It is not, however, simply a prolongation of the 
normal refractory period. If two volleys are timed only a few msecs, apart 
the response is greater than a single twitch (Bremer and Titeca, 1935); and 
when curarization is so far advanced that a single volley fails to excite, the 
muscle still responds if two are delivered in rapid succession. The inhibitory 
after-effect is therefore preceded in time by a briefer facilitation. The latter 
also is capable of summation to a limited degree; but on tetanic stimula- 
tion of the nerve there is only a transient initial contraction. This is followed 
by Wedensky inhibition, which can be maintained indefinitely. 

During the junctional depression induced by magnesium salts there is 
likewise a stage at which motor volleys can excite the muscle by summation 
but not singly. In this condition, however, no inhibitory effect has apparently 
been described, nor has the facilitation left by the first volley been compared 
to that found under curare. In the recent work on chemical transmission, it 
has been inferred that curare blocks by rendering the receptive substance 
resistant to the exciting action of acetylcholine (Dale, Feldberg and Vogt, 
1936; Rosenblueth and Morison, 1937). So far as we are aware, the Mg block 
has not been interpreted in terms of chemical transmission. It is reversible, 
in the mammal, by several agents antagonistic to curare, among them eserine, 
ACh, and potassium (Brosnan and Boyd, 1937). 

This paper includes: (1) a comparison of the effects of Mg with those of 
curare, in respect to facilitation and inhibition at the neuromuscular junc- 
tion; (2) a study of the effects of eserine, and of depressing doses of ACh, on 
the course of facilitation. 

PROCEDURE 

Dogs under nembutal anesthesia (45 mg. per kilo) were used. The right sciatic nerve 
was sectioned, and one or two pairs of shielded electrodes were placed on either the P eI ° 
neal or the tibial branch. The leg was immobilized by drills through the tibia. Contrac ton 
of the tibialis anticus or gastrocnemius muscle, pulling against a rubber band, wer ® 
corded, the lever excursion varying approximately in linear relation to the tension, 
desired degree of depression was produced by slow intravenous administration ei er 
MgSOj, 7H«0, in 6.7 per cent solution, or of crude curare, 0.1 to 1.0 per cent, w . 
burette connected to the left femoral vein. Complete suppression of the response os g 
volleys usually required from 0.4 to 0.6 gm. per kilo of the Mg salt, or about I g- P 
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kilo of the curare ordinarily used This curare was obtained from Peruvian Indians through 
the courtesy of a student, Mr E Salotnone Another sample, from Burroughs, Wellcome 
and Co , showed no difference m action except in potency 

For delivering paired stimuli separated by brief measurable intervals, we used the 
double condenser circuit described by Bernstein (1937) Stimub of low frequency were 
supplied by a neon-tube circuit 

Results 

1. The inhibitory after-effect. Our observations on this phenomenon con- 
firm, with respect to the curarized preparation, those of Rosenblueth and 
Morison (1937). If, after a period of rest, the nerve is stimulated at any fre- 
quency between 6 and 600 per min., the twitches become progressively weaker. 



Fig 1 Responses of lightly curanzed muscle (tibialis anticus), after one minute of 
rest, to stimulation of peroneal nerve at frequency of 10 per sec 

The decline is more marked with increasing dosage of curare, or with an in- 
crease in frequency of stimulation within the range indicated. The authors 
cited suggest that successive quanta of acetylcholine (ACh), released at the 
same nerve ending, become progressively smaller. The later quanta of ACh 
in a series might then fall below threshold for an increasing number of muscle 
units. It may be pointed out, however, that the weakening of responses does 
not continue beyond the fifth or sixth twitch. After this, even at 10 per sec., 
a steady level is maintained or there is a slow rise (Fig. 1). There appears to 
be no direct evidence to indicate a corresponding variation in quanta of ACh. 
It is true that Dale, Feldberg and Vogt (1936) found a progressive diminution 
in the output of that substance from a perfused muscle during successive 
periods of stimulation of its nerve (frequency 5 to 15 per sec.). Each sample 
of perfusate assayed, however, contained the total amount of ACh liberated 
by several hundred volleys. Their data hardly justify an assumption that 
the second quantum falls sharply below the level of the first, particularly 
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under conditions of normal blood supply. The same authors found that curare 
does not alter the amount of ACh recovered after a given period of activity 
of the nerve. Any changes in quanta occurring under curare must therefore 
be presumed to be normal. But considering the resistance to fatigue, and the 
brief refractory period of the normal transmitting mechanism, it seems 
unlikely that a period of more than 10 secs, can normally be required, after a 
single impulse, for recovery to the resting state. 


) 
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Fig. 2. Responses of m. tibialis anticus to stimulation of motor nerve, frequency 144 
per min. Each series recorded after a rest of 20 secs. Showing behavior during progressive 
induction of junctional block by curare (above) and by MgSO 4 (below). 

In the corresponding stages of Mg depression there is no progressive weak- 
ening in a series of twitches unless the frequency is 30 per min. or higher. Even 
then the decline is much smaller and more gradual than that found under 
curare, the difference between the first and second twitches being just percep- 
tible (Fig. 2). Lubinska (1935) found that after the single twitch response had 
been suppressed by Mg, a sustained tetanus could be built up by stimulating 
the nerve at a frequency of 27 per sec. We have confirmed this (Brosnan and 
Boyd, 1936), failing to find Wedensky inhibition with any frequency up to 
120 per sec. Under Mg an abrupt decline in quanta either does not occur, or 
it does not influence appreciably the response of the muscle. If the inhibitory 
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after-effect is a normal process, its time course obviously is distorted either 
by curare or by Mg, possibly by both. 

2. Facilitation following a single volley. By means either of curare or of 
Mg, the preparation was depressed until a single stimulus to the nerve evoked 
a barely visible twitch . A slow inflow into the vein was then so adjusted that 
this minimal response was constant. Pairs of stimuli timed at varying inter- 
vals were then applied, the first of each pair being supramaximal and the 
second considerably stronger. When curare was used, a rest of 15 secs, was 
allowed between pairs of stimuli, in order to avoid the inhibitory effect 
With Mg the usual interval was 10 secs, A complete time curve of facilita- 



Fig. 3. Tension of aummated muscle response plotted against intervals between paired 
stimuli, before and after eserine. Above, under curare; below, under Mg. Further ex- 
planation in text. 

tion (tension plotted against time interval between first and second stimuli) 
was determined repeatedly on each animal, curare being used with 4 dogs and 
Mg with 6. 

In about half the experiments, a summated response was obtained with 
stimuli timed only 0.9 msecs, apart The maximum usually fell between 2 and 
3 msecs. Small variations were found even when successive measurements 
were made on the same animal. These were probably due mainly to varia- 
tions in the threshold of the nerve during the relative refractory period, and 
to the difficulty of maintaining a perfectly uniform state of curarizatfon. The 
form of the curve is similar to that described by Bremer and Homes (1932) 
for the curarized frog, though the mammalian curve is briefer. Its course is 
approximately the same whether curare or Mg is used (Fig, 3), The rectal 
temperature did not vary more than 1 °C. in any experiment. 
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3. Absence of facilitation during Wedensky inhibition. The lightly curarized 
preparation was maintained in partial or complete Wedensky inhibition by 
stimulating the nerve at a low frequency, 60 to 150 per min. During this time, 
paired stimuli 2.5 to 5.0 msecs, apart were applied through a second pair of 
electrodes on the nerve. The resulting response was summated either poorly 
or not at all, according to the degree of Wedensky inhibition existing at the 
time (Fig. 5A and B). 

When the single twitch responses are reduced to a correspondingly low 
level by Mg, however, stimulation of the nerve through one pair of electrodes 



Fig. 4. Dog, 7.3 kg., nembutal, Mg. Gastrocnemius-soleus excited through tibial nerve. 
A and B, before eserine; C, 11 minutes after 5 mg. each of physostigmine salicylate and 
atrophine sulphate; D, 5 minutes after a second equal dose. Dots indicate responses to 
single stimuli (1 and 2) all others double. Stimulus intervals, in each series, are 0.9, 1.8, 
2.7, 4.5, 6.3, 9.0, 18.0, 27.0, 36.0, and 45.0 milliseconds, in the order given. In D, the final 
twitch is a response to 2 stimuli 2.7 ms. apart, and duplicates the maximum of the series. 

Below, same animal, single stimuli throughout at 5-second intervals. Signal 2, injection 
of 2 mg. of ACh, before eserine; 5, same after completion of series D above. 

at the rate of 150 per min. does not prevent a summated response to two 
closely timed stimuli applied through a second pair of electrodes (Fig. 5C). 
This indicates again that the inhibitory process dominates junctional behavior 
under curare, but is absent or minimal under Mg. 

4. The effect upon facilitation of depressing doses of acetylcholine. Rosen- 
blueth, Lindsley and Morison (1936) found that acetylcholine in large doses, 
after eserine, weakens or suppresses completely the response of 
idirect stimulation. If facilitation is a summation of quanta of 


particularly 
muscle to is 
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ACh, as suggested by Rosenblueth and Morison (1937), paired stimuli, ap- 
plied to the nerve during this depression, should be no more effective in ex- 
citing the muscle than single shocks; for any ACh released by the first volley 
of impulses would add to the depressing concentration already existing. 

We first administered eserine (0.5 to 1.0 mg. per kilo). This caused the 
usual potentiation of twitch responses to single volleys at 8 to 10 sec. inter- 
vals. At such a slow frequency of stimulation we were unable to suppress the 
twitch responses completely by any dosage of ACh up to 1 mg. per kilo (in- 
travenous). On increasing the frequency of test stimuli to 2 per sec., the 


Fig. 5. Paired stimuli 2.7 milliseconds apart applied to peroneal nerve at down stroke 
of each signal, while low-frequency stimulation was being maintained through a second 
pair of electrodes. A, in early curarization; B, same animal, deeper curarizaticjn; C, an- 
other animal, after twitch responses had been nearly suppressed by MgSO<. Twitch fre- 
quencies, in A, 3 per sec., in B, 1, and in C, 2.5 per sec. Summation well marked in C, feeble 
in A, absent inB. 


twitches were nearly or completely suppressed; and during the depression 
two closely timed stimuli applied through a second pair of electrodes failed 
to evoke a summated response (Fig. 6). This is perhaps negative evidence in 
favor of the theory that facilitation is a summation of quanta of ACh; but 
as shown above, the curarized preparation behaves in the same way under 
similar conditions of stimulation. In both conditions, the absence of facilita- 
tion is associated with a low-frequency Wedensky inhibition. 

5. The effect of eserine on the time course of facilitation. After carrying out 
the procedure described in section 2 above, we administered to the same 
animals 0.5 mg. per kilo of physostigmine salicylate, with an equal dose of 
atropine sulphate. This decurarized, but the original state of block; was re- 
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stored by administering additional Mg or curare. The time curve of facilita- 
tion was then again determined. Typical curves are shown in Fig. 3, and 
graphic records in Fig. 4. In a few instances the period of effective summation 
was found shorter after eserine than before; usually the two curves nearly 
coincided. Once the maximum fell later (at 4.5 ms.) after eserine than before 
(3.0 ms.) but the descending portion of the curve was never prolonged. We 
found, though not constantly, the shortening of the minimum summation 
interval noted by Bremer and Kleyntjens (1937). 

The last-named authors report that eserine does not prolong the period 
of impulse summation in the curarized frog. Eccles (1935) had previously re- 
ported a failure of eserine to prolong facilitation in the superior cervical gan- 
glion of the cat, and concluded that summation of quanta of ACh could not be 
the mechanism of facilitation in the ganglionic synapses. Cannon and Rosen- 



Fig. 6. Dog, 14.5 kg., nembutal. Eserine and atropine (7 mg. of each) 7 minutes before 
beginning of record. Twitches of m. tibialis anticus, in response to stimulation of peroneal 
nerve at frequency of 2 per second. ACh, intravenous injection of acetylcholine, 4 mg. 
At each signal S, paired stimuli 4.5 milliseconds apart were applied through a second pair 
of electrodes. 


blueth (1937) object to this conclusion, on the ground that Eccles’ records 
may have been made after an interval long enough for the anticholinesterase 
activity of the eserine to have disappeared. In the experiments of Bremer and 
Kleyntjens, a single dose of curare was administered to each frog. When the 
desired stage of curarization had been reached, the time curve of facilitation 
was determined. Eserine was then administered, with a temporary decurar- 
izing effect; but the preparation soon lapsed into the original state of curariza- 
tion and the records were repeated. The authors assume that the return of 
junctional block after eserine was not due to disappearance of the effect of 
that agent, but to a continued progressive action of the curare. While this 
assumption may have been correct, it would seem desirable to supply more 
direct evidence about the duration of the effect of eserine. 

In our experiments, a period of 10 to 25 mins, elapsed, after eserine, before 
the animal was recurarized to the desired constant state. A second equal dose 
of eserine could then be given, however, with little or no decurarizing action. 
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As a routine, we made one series of records of facilitation after the first dose 
of eserine, and repeated the procedure within 10 minutes after the second 
dose. Both sets of records thus obtained were quite similar to those made 
before eserine (Figs. 3 and 4). Finally, we regularly administered two equal 
doses of ACh, 0.2 to 0.4 mg. per kilo, one before eserine and the other after 
completing the final series of facilitation records. The decurarizing action of 
the second dose was always greater and more prolonged than that of the first 
(Fig. 4). 

Discussion 

It seems to us that latent addition at the neuromuscular junction cannot 
be attributed to summation of quanta of ACh. The question is discussed at 
length by Bremer and Kleyntjens (1937) who suggest that the first blocked 
impulse sets up a subliminal excitatory state in the muscle; that this excita- 
tory state dies away gradually, and while it persists may be raised to thresh- 
old value if a second similar process is superimposed. The authors cited con- 
sider that this view is compatible with the theory that acetylcholine is the 
essential transmitter, since the cellular excitatory process might be set up 
by a quantum of ACh. But eserine restores the response of the curarized prep- 
aration to a single volley. If this effect is due to its anticholinesterase activity, 
it follows that the excitatory state assumed by Bremer and Kleyntjens varies 
in intensity according to the amount of ACh acting; and it is still difficult to 
see why eserine should not prolong the period of facilitation, unless the de- 
struction of each quantum of ACh is so rapid that summation, even after 
eserine, is impossible. 

It may be objected that in our experiments (also in those of Bremer and 
Kleyntjens) recurarization after eserine raised the threshold of the muscle 
for ACh; and that although the period for summation of two quanta may 
actually have been prolonged, this effect was nullified because summation 
had to reach a higher level than before in order to excite the muscle. Such an 
objection, however, can hardly be maintained. If the threshold was raised by 
the additional curare or Mg, eserine had also raised the level reached by a 
single quantum, so that the relation between the first quantum and the thresh- 
old was the same as before. The increment added by the second quantum 
must have been correspondingly increased after eserine, so that it should have 
reached threshold value so long as any considerable residue was left from the 
first. This presumes that the first and second quanta are equal, or nearly so. 
If the second is much smaller than the first, as Rosenblueth and Morison 
suggest, comparison of the facilitation curves before and after eserine becomes 
more complicated; but as was pointed out in section 1 above, there is no con- 
vincing evidence that such a disparity exists. 

We have used the terms "impulse summation” and "facilitation” inter- 
changeably. Bremer and Kleyntjens (1934) use the latter term to designate 
an enduring after-effect of manifest activity in synapses; the former they 
apply to a subthreshold junctional effect left by one or more impulses which 
fail to be transmitted. Impulse summation or latent addition they consider to 
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be a relatively brief process. But such a distinction is difficult to apply to 
the neuromuscular junction. Tetanic stimulation of a motor nerve in the 
curarized mammal may fail to excite the muscle, and yet leave a facilitation 
lasting for several minutes (Boyd, 1932). 

Summary 

1. When the nerve of a lightly curarized mammalian preparation is stimu- 
lated at any frequency from 6 to 600 per min., the second muscle twitch is 
weaker than the first and a sustained Wedensky inhibition of some degree 
follows (confirming Rosenblueth and Morison). 

2. During corresponding stages of neuromuscular depression produced 
by magnesium salts, the inhibitory effect of repeated stimulation is much 
less in degree, and of shorter duration, than under curare. 

3. When the response to a single volley of impulses has been completely 
suppressed by Mg, the muscle can still be excited if two stimuli are applied 
to the nerve in rapid succession. The junctional summation of the two volleys 
follows a time course closely resembling that found under curare. 

4. The depression of neuromuscular transmission produced by excessive 
concentrations of acetylcholine is a low-frequency Wedensky inhibition, re- 
sembling in its time relations that of the lightly curarized preparation. In 
both of these conditions junctional summation of two closely timed volleys 
is ineffective. During Mg depression, however, low-frequency stimulation of 
the nerve at one point does not prevent a summated response to two volleys 
set up elsewhere on the nerve. 

5. Under curare, the period for effective junctional summation of two 
volleys is not prolonged following administration of eserine, with recurariza- 
tion to the original state of block (confirming Bremer and Kleyntjens). The 
result is also negative if Mg is substituted for curare. The failure of eserine to 
prolong the summation period is not due to rapid disappearance of its anticho- 
linesterase activity. 
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The control of most of the functions of the autonomic nervous system is 
generally considered to be "involuntary” in character. A few cases have been 
described, however, in which one or another of the autonomic activities is 
under "voluntary” control. Most of these deal with some aspect of the visual 
mechanism, such as, "voluntary” control of accommodation,- 3 ' 16 ’ 17 pupillary 
dilatation 14 and constriction. 11 The case to be described here is of particular 
interest since it involves "voluntary” control of the arrectores pilorum mus- 
cles which are innervated only by the sympathetic division of the autonomic 
nervous system. 

The subject is a middle-aged male, who since the age of 10 years has been 
aware of the ability to control the erection of hairs over the entire surface 
of his body. Experimental study of the subject has revealed that the erection 
of hairs is accompanied by a number of other autonomic phenomena of which 
he was not aware. These consist of an increase in heart rate, an increase in the 
rate and depth of respiration, dilatation of the pupils, an increase in the elec- 
trical potentials of the skin over regions rich in sweat glands and charac- 
teristic changes in the electrical potentials over the premotor area of the 
brain. 

METHODS 

Sixteen millimeter motion picture records, at a measured speed of 18 frames per second, 
were made of the erection of the hair on the dorsal surface of the forearm, the lateral sur- 
face of the thigh, and the anterior surface of the leg just below the knee. Similar records 
of the dilatation of the pupil, which occurs during "voluntary” erection of the hair, were 
made while the eye was illuminated by a 500 watt flood lamp at an angle of approximately 
45° to the anterior surface of the cornea. Fixation of the eyes was always maintained on a 
point 15 feet away. A quick movement of the experimenter’s hand before the lens of the 
camera marked the film and served as a signal for the subject to begin the erection of the 
hair; the same movement repeated meant to lower the hair. The movement fell on the 
periphery of the visual field and did not intercept the line of regard. The signals used in 
other aspects of the study consisted of a barely audible "click” in a headphone and the 
"flash” of a dim light. Control experiments in every case indicated that none of the effects 
observed was due to the stimulus value of the signals themselves. 

Simultaneous recording of electrical phenomena, such as the electrocardiogram and 
skin potentials, or brain potentials from two regions on the surface of the head, was ac- 
complished by means of two independent amplifying and recording systems. The ampli- 
fiers are of the resistance-capacity coupled type, with pre-amplifiers employing balanced 
input circuits. The time-constant of the amplifiers may be made appropriate to the par- 
ticular type of phenomena to be recorded by changing the inter-stage coupling capacity 
(0.1, 0.5, or 2.0 mfd.). A type-PA Westinghouse oscillograph with matched elements 
served as the recording unit. The mechanical devices for recording respiration and changes 
in blood pressure are incorporated in the oscillograph case so that all phenomena may be 
recorded simultaneously on the same record if desired. Continuous changes in blood pres- 
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sure were recorded with the pressure in the cuff on the arm maintained at 70 to 80 mm. 
of Hg for short periods of time. Systolic and diastolic readings by the auscultatory method 
were also made before and during the erection of the hair. 

Electrodes for recording brain and skin potentials consisted of small gold discs, 8 mm. 
in diameter, each sunk in a small bakelite block. The cup of the block was filled with an 
electrode jelly which served as the conducting medium. When brain potentials were re- 
corded the electrodes were attached to the surface of the scalp, one to two inches apart, 
and held in place by bandages. For the recording of skin potentials the electrodes were 
attached to the palmar surface of the hand. Small silver plates and electrode jelly applied 
to the left wrist and ankle furnished leads for the electrocardiogram. Electrograms from 
individual arrectores pilorum muscles were obtained by means of needle electrodes in- 
serted through the skin at the base of a hair on the side toward which it leaned. The needle 
electrodes consisted of a fine gauge hypodermic needle with either one or two fine insu- 
lated wires cemented in its lumen. When the first type was used the exposed tip of the 
single inner wire led to grid and the sheath of the needle to ground; in the latter case 
the exposed tips of the two wires led to the balanced input of a pre-amplifier and the 
sheath of the needle was grounded. 



Fig. 1. "Voluntary” erection of the body hairs. Sections from a motion picture record 
of the hair on the lateral surface of the thigh, before the signal to erect the hairs and about 
10 seconds after the signal showing the hairs erect and the "gooseflesh” appearance of the 
skin. 

Results 

Several series of experiments have been made in which the erection of the 
hair on the arms and legs was photographed. Fig. 1 shows two frames from 
a motion picture record of the erection of the hair on the thigh. The first shows 
the hair in its normal position close to the surface of the skin before the signal 
to erect the hairs. The second, taken approximately 10 secs, after the signal, 
shows the hairs almost fully erected and the "gooseflesh” appearance of the 
surface of the skin. 

Fig. 2 shows three frames from a motion picture record of the dilatation 
of the pupil which accompanies the "voluntary” erection of the hairs. The 
first is from a section of the record before the signal to erect the hairs and 
shows the pupil well constricted. The second shows the increased diameter 
of the pupil while the hairs are erect; the third shows the decreased diameter 
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Fig. 2. Dilatation of the pupil during "voluntary” erection of the body hairs. Sections 
from a motion picture record before, during and after the erection of the hairs. 




hairs and a signal (second arrow) to lower them. 
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a few seconds after the signal to lower the hairs. Frame by frame analysis of 
the motion picture records under magnification in an Edinger projector re- 
vealed that the hairs began to rise approximately 1 sec. after the signal was 
given. By plotting the distance of the tip of any hair from the surface of the 
skin in successive frames (see Fig. 3) it was found that the erection of a hair 
proceeds in a step-wise fashion. Maximum elevation of a number of hairs 
studied was attained in about 7 secs. After a signal to lower the hairs was given 
5 to 6 secs, elapsed before actual lowering occurred. The lowering of the hairs 
also proceeded by steps and was completely accomplished between 15 to 20 
secs, after the signal to lower them. 

The degree of illumination necessary for photographing the pupils caused 
considerable constriction which competed with the dilatation accompanying 





Fig 4 Simultaneous records of heart rate (E.K.G.), respiration and skin potentials 
from the palm of the hand showing distinct changes during the "voluntary” erection of the 
body hairs. The dotted line is a continuous record of changes in heart rate, an increasing 
rate is shown by a descent of the line. The first arrow represents the signal to erect the 
hairs, the second to lower them. Time is shown in seconds at the bottom of each record. 

the "voluntary” erection of the hairs. The pupils at the start of an experi- 
ment usually ranged from 3 to 3.5 mm. in diameter. Dilatation of the pupils 
(see Fig. 3) began 0.3 to 0.5 of a sec. after the signal to raise the hairs. 
Maximum enlargement of the diameter under these conditions of high illu- 
mination ranged from 0.5 to 1.5 mm. and was usually attained in 0.5 of a sec. 
Enlargement of the pupils was maintained throughout the duration of the 
erection of the hairs at a level well above the starting diameter, although 
there were frequent fluctuations due to the competing tendencies for dilata- 
tion and constriction. Five-tenths of a sec. after the signal to lower the 
hairs the pupils began to constrict in a step-wise manner. Constriction always 
proceeded to a level below that of the original diameter of the pupils but 
slowly returned to it. 

Simultaneous records of heart rate (electrocardiogram!, respiration and 
skin potentials from the palm of the hand (see Fig. 4) show that changes in 
these phenomena occurred approximately 1 sec. after the signal to erect the 
hairs. The dotted line in these records gives moment to moment heart rate 
values which were obtained by measuring the interval between successive 
R-waves of the electrocardiogram with proportional dividers adjusted to mul- 
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tiply by 10 and erecting an ordinate over the midpoint of each interval. A 
typical curve of heart rate changes during the erection of the hairs is shown 
in Fig. 3. Heart rate, which oscillates widely during the two phases of respira- 
tion, was maintained at a definitely higher level while the hairs were erect 
than before they were raised or after they were lowered. During the "volun- 
tary” erection of the hairs the heart rate was increased by 6 to 8 per cent; 
respiration was increased by 9 to 25 per cent in rate and by approximately 
100 per cent in depth. Anticipation of the signal frequently increased the shin 
potentials in the palm of the hand but the degree of activity was usually 
distinctly increased about 1 sec. after the signal to raise the hairs. 

Fig. 5 shows electrograms obtained from individual arrectores pilorum 
muscles by means of needle electrodes during the "voluntary” erection of 



Fig. 5. Electrograms from individual arrectores pilorum muscles during "voluntary” 
elevation of the body hairs. The first arrowindicates the signal to erect the hairs, the second 
to lower them. Time is shown in seconds at the bottom of each record. Calibrations at 
right of each record equal 150 microvolts. 


the hairs. The electric response occurs from 0.5 to 0.7 of a sec. after the 
signal to raise the hairs and thus precedes the mechanical movement of the 
hairs which has a latency of about 1 sec. As shown in Fig. 5, the electric re- 
sponse may consist of rhythmic oscillations (A), or long, slow undulations 
(B and C). Occasionally small, quick, spike-like components are superim- 
posed. Both the rhythmic and the more prolonged electric responses have 
been described in smooth muscle by Lambert and Rosenblueth, 13 Rosenblueth, 
Davis and Rempel, 15 and by Eccles and MagladeryA 7 The electric responses 
shown here seem to correspond in time relations to the slow component III 
described by Lambert and Rosenblueth, 13 but there is no "initial complex” 
corresponding to their components I and II. Since, for the purposes of this 
study, latency is the main concern, further analysis of the response will not 
be attempted here. 

Continuous records of the relative changes in blood pressure have shown 
that there is a very slight increase during the "voluntary” erection of the 
hairs. Repeated readings by the auscultatory method have shown that there 
are also very slight elevations of the diastolic and systolic pressures. Although 
the changes were always in the direction of an increase they have for the most 
part been too small to be considered significant. 
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Electrical potentials of the brain were recorded simultaneously from over 
two regions of the same hemisphere during "voluntary” erection of the hairs, 
usually from the premotor and occipital, premotor and temporal, premotor 
and parietal, or the premotor and the anterior part of the frontal region. Char- 
acteristic responses consisting of large, slow waves were found only over the 
premotor region (see Fig. 6). The latency of the electric response of the pre- 
motor region ranges from 0.23 to 0.35 of a sec. There is sometimes an "off 
response” 0.2 to 0.3 of a sec. after the signal to lower the hairs. The 
general pattern of the premotor response is essentially the same on repetition 
of the experiment. The largest response is obtained when the electrodes are 
over a region just anterior to the central sulcus, in a line parallel with, but 
about 1 inch off the mid-line. According to careful estimate by Chiene’s 



Fig 6 Electrical potentials of the bram simultaneously recorded from over the pre- 
motor (middle line of each record) and occipital (upper line) areas during "voluntary” 
erection of the hairs In A, B, and C the premotor electrodes were over the upper part 
of 6aar, in D they were over the upper part of 6a 11 The first arrow indicates the signal to 
erect the hairs, the second to lower them Time is given in seconds at the bottom of each 
record Calibrations at the right of each record equal 20 microvolts 

method 5 for determining the relationship between cranio-cerebral topography, 
the area between the electrodes probably included, mainly, the upper part 
of area 6a« and parts of areas 4 and Ga.l. Responses were obtained from over 
the outlying regions of 6a<* and 6afl but they were never as prominent as 
those from the upper part of 6aa. 

The nature and direction of the various changes in autonomic activity 
associated with the "voluntary” erection of the hairs, together with the gen- 
eral concurrence of these changes suggest that there is a generalized sympa- 
thetic discharge. The fact that marked changes in the brain potentials occur 
only over the premotor area and precede the peripheral autonomic phenomena 
further suggests that the premotor cortex plays a part in the generalized 
sympathetic discharge associated with the "voluntary” erection of the body 
hairs. 

Discussion 

The question arises as to how the subject is able to control the erection 
of the body hairs. So far as he is aware the process is essentially similar to 
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that of initiating contraction in one of his skeletal muscles. He does not call 
up an image of a painful or fearful experience as has been reported in connec- 
tion with one case of so-called "voluntary” control of pupillary dilatation. 14 
There is no straining or tensing of skeletal muscles and there are no observable 
movements of any sort. The subject is able to erect the hairs when in any posi- 
tion and while carrying on other activities. Of special importance is the fact 
that he is able to inhibit the reflex erection of the hairs and the appearance of 
"gooseflesh” normally induced by stepping out of a hot shower into a cold 
draft. 

In this case, as in some of the others which have been described, "volun- 
tary” control of an autonomic function was first discovered during childhood; 
either during severe fatigue, a critical illness or some other unusual condi- 
tion. It may be that, unknown to these subjects, some form of conditioning 
took place when, under unusual circumstances, their attention was first called 
to the reflex manifestation of an autonomic function. Cason 4 and Hudgins 11 
have shown that pupillary constriction may be conditioned to an auditory 
stimulus. Hudgins has even demonstrated that pupillary constriction orig- 
inally induced by a light stimulus may be conditioned to the command 
"constrict” or even to the subvocal production of verbal stimuli by the sub- 
ject himself. This has led Hunter and Hudgins 12 to offer the hypothesis that 
all so-called voluntary behavior is a form of conditioned response. 

With respect to the subject described here there is no satisfactory evidence 
that he did not always have the ability to erect the hairs nor is there evidence 
that some form of conditioning took place when he first noticed the ability. 

No matter how the "voluntary” control of the pilomotors is brought 
about in this case the familiar tendency of the sympathetic system to re- 
spond as a whole is apparent in the accompanying phenomena. The latencies 
of these various responses are of such an order as to indicate that they are a 
part of a generalized discharge of the sympathetic system. The finding of 
characteristic brain potential changes over the premotor area suggests that 
they are precursors of the peripheral autonomic changes. This corresponds 
with the results from experiments on animals 8 ' 9 ’ 10,18 and human subjects 1 
which have indicated that there is an autonomic representation in the cor- 
tex, particularly in the premotor area. 

SUMMAKY 

A subject has been described who has "voluntary” control of the pilo- 
motors ( arrectores pilorum muscles). Experimental study of the subject has 
revealed that the "voluntary” erection of the body hairs is accompanied by 
an increase in heart rate, an increase in the rate and depth of respiration, dila- 
tation of the pupils, an increase in the electrical potentials of the skin over 
regions rich in sweat glands, and a very slight increase in blood pressure. The 
nature and direction of these changes together with their latencies indicate a 
tendency for a generalized sympathetic discharge. 

Simultaneous records of electrical potentials from two regions of the brain, 
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the premotor and one of the other regions, during the "voluntary” erection of 
the body hairs have shown characteristic changes only over the premotor 
area These premotor responses precede and appear to be associated with the 
peripheral autonomic changes This has been interpreted as further evidence 
of the representation of the autonomic nervous system in the premotor area 
of the cortex 

The possibility that the subject’s ability to control the erection of the 
hairs is the result of a conditiomng process has been discussed, but no satis- 
factory evidence for or against this hypothesis is at hand. 
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It is the purpose of this study to investigate the functions of the hypothal- 
amus in regulating the motility and blood supply of the small intestine in 
relation to the other vegetative, emotional and mimetic reactions produced 
by the electrical stimulation of the diencephalon, or by the injection of 
strychnine sulphate into its nuclei. 

METHODS* 

Fourteen cats were prepared in two series of experiments as follows: 

Acute experiments (8 animals). The experiment was usually performed approximately 
6 hours after the animal had been fed. Ether anesthesia through an intratracheal cannula 
was maintained at a level just deep enough to abolish spontaneous movements. With the 
Horsley-Clarke stereotaxic instrument t in place and an electrode inserted into the hy- 
pothalamus, the animal was mounted in an upright position in a hammock provided with 
holes for the legs and the exposed gut. The blood pressure in the right common carotid 
artery and the respirations were recorded on a kymograph in the usual manner above the 
tracings of a signal magnet and a one-second timer. A wide, shallow beaker containing 
Ringer’s solution kept at a temperature of about 39°C. was then arranged so that the 
dependent portions of the jejunum and ileum were supported just outside the incised 
and dorsally displaced abdominal wall, thus preventing traction on the mesentery and 
interference with the blood supply of the intestines. Under these conditions, peristalsis, 
rhythmic segmentation and pendular movements of the gut were easily observed, al- 
though in some animals the small intestine seemed entirely motionless for varying periods. 
The animal’s temperature was maintained at a normal level by warming the Ringer’s 
solution continuously and by the use of an electric heating pad applied to the animal’s 
back when necessary. Cats prepared in this manner remained in good condition for as 
long as 5 hours with little change in reactivity to repeated electrical stimulation of the 
hypothalamus except as induced by the administration of strychnine. 

Recovery experiments (6 animals — 23 experiments). In a cat anesthetized with pento- 
barbital sodium, a bipolar needle electrode was inserted by means of the Horsley-Clarke 
stereotaxic instrument into the hypothalamus and then firmly cemented in position to the 
skull. In 8 to 24 hours the animal usually recovered completely from the operation and 
could then be observed in an unanesthetized, untrammelled state for the effects of electri- 
cal stimulation of the hypothalamus before or after the injection of this structure with 
solutions of strychnine sulphate or other substances. In preparation for fluoroscopy, the 
animal was given 100 cc. of an opaque mixture (barium sulphate suspended by mucilage 

* The various techniques employed in preparing animals for the stimulation or in- 
jection of the diencephalon have been described in detail in earlier communications from 
this laboratory. See Masserman. J. H.: Effects of sodium amytal and other drugs on the 
reactivity of the hypothalamus of the cat. Arch. Neurol. Psychiat., Chicago, 1937, 37. 
617-628. Masserman, J. H.: The effects of the destruction of the hypothalamus of the 
cat on its activity and on the pharmacologic action of sodium amytal. Arch. Neuro . 
Psychiat., Chicago. In press. . 

f Horsley, V., and Clarke, R. H.: The structure and functions of the cerebellum 
examined by a new method, Brain, 1908, 31 : 45-124. Clarke, R. H., and Henderson, 
E E.: Investigations of the central nervous system: methods and instruments. Baltimore, 
Johns Hopkins Press, 1920. Ranson, S. W.: On the use of the Horsley-Clarke stereotaxic 
instrument, Psychiat. en neurol. bl. (Feestb. C. H. Ariens Kappers), 1934, 38: 534 0 t 
(May- Aug.). 
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of acacia in water) from 30 to 60 minutes before experimental observations were made. 
Fluoroscopy was done approximately 24 hours after operation and again after 48 hours 
if the animal’s rectal temperature had not reached 105°F At the time of the first examina- 
tion the pyloric antrum and the entire small intestine were usually well visualized and 
showed active rhythmic segmentation and peristalsis 

Stimulation For electrical stimulation of the hypothalamus, a Harvard inductorium 
carrying three volts across the terminals of the primary coil or a 60 cycle alternating cur- 
rent reduced by a senes of variable resistances to from 0 5 to 9 0 volts was employed 
The effects of bipolar (highly localized) and unipolar (diffusing) stimuli were observed 
before and after the injection of strychnine sulphate into the hypothalamus in both acute 
and recovery preparations 

Injections Selected amounts of strychnine sulphate were dissolved in 0 05 to 0 1 cc 
of water and injected into the hypothalamus at the rate of 0 1 cc per min Dosages of 
from 0 07 to 0 20 mg per kilogram were given, the smaller dosages usually being repeated 
in from 30 to 60 minutes 

Anatomic studies After the terminal experiment the brain was fixed in a 10 per cent 
solution of formaldehyde and the region of the hypothalamus sectioned serially and stained 
in alternate sections for nerve fibers by a modified Weil technique and for nerve cells by 
the Nissl method The sections were then examined to determine accurately the nerve 
structures that had been stimulated and injected 

Sites of stimulation and injection Most of the observations (7 animals in the acute 
series, and all 6 of the recovery preparations) were made with the electrode at coordinate 
settings of from 2 0 to 2 5 mm to the right of the midline, from 10 0 to 12 5 mm anterior 
to the inter aural frontal plane and from 4 0 to 6 0 mm below the zero horizontal plane of 
the stereotaxic apparatus The structures directly affected by stimulation and injection 
were the rostral tip of the Hi field of Forel, a portion of the substantia nigra, the lateral 
margin of the nucleus filiformis principalis, the nucleus penformcalis, the nucleus hy- 
pothalamicus anterior, the upper and lateral edge of the nucleus supra opticus diffusus, 
the dorsal hypothalamic area and the rostral one-third of the nucleus hypothalamicus 
lateralis * In 5 animals, the same region in the left hypothalamus was also studied and in 
a number of others more extensive explorations were made in structures that will be 
specified when the results of stimulation and injection are described 

Results 

Acute experiments 

In animals anesthetized with ether the average strengths of current neces- 
sary to produce responses to stimulation of the hypothalamus were obtained 
at the secondary coil setting of 10 cm on the Harvard inductorium or at AC 
voltages of 3.0 V. for bipolar and 2 0 V. for umpolar stimulation. When these 
stimuli were employed in animals m which the exposed gut had been quies- 
cent, rhythmic segmentation and peristalsis appeared in about 5 secs and 
persisted for about 10 secs after the period of stimulation (usually 15 secs.) 
was terminated; this series of responses could be elicited repeatedly. In ad- 
dition, pendular, swaying and coding movements of the gut with almost 
identical periods of latency and persistence were initiated by hypothalamic 
stimulation in seven animals and augmented when spontaneously present in 
one. Segmentation and peristalsis usually appeared and disappeared together, 
but the pendular movements could he elicited independently. However, in 

* The anatomic terminology used throughout this paper is adopted from Ingram, 
W. R , Hannett, r I , and Ranson, S W : The topography of the nuclei of the dien- 
cephalon of the cat, J comp Neurol , 1932, 55 333-394 More extensive charts of the Hors- 
fey-CIarke coordinates of anatomic structures may be found in Clarke, R H , and 
Henderson, E E . Atlas of photographs of sections of frozen cranium and brain of the 
cat, J Psychiat Neurol , Lpz , 1911-12, 8 119-156. 
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no instance were rhythmic segmentation, peristalsis, or pendular movements 
diminished by stimulation in this region of the hypothalamus with the 
strengths of current specified nor did the general tonicity of the small intestine 
seem to be affected. Both dilatation and constriction of the blood vessels in 
the intestine were observed to follow stimulation of the hypothalamus in 
various experiments, but more frequently there were no visible changes and 
cyanosis was never produced. 

General effects. Accompanying these enteric reactions were other evidences 
of mild autonomic stimulation: partial dilatation of the pupils, contraction 
of the nictitating membranes, widening of the palpebral fissures, an elevation 
in blood pressure of from 5 to 30 mm. of mercury and an increase in the rate 
and depth of the respiration. Responses of the skeletal musculature consisted 
in slight movements of one or more of the extremities, twitching of the ears, 
closure of the jaws and occasionally, torsion of the head and neck. These 
bodily movements sometimes slightly displaced the intestines, but segmenta- 
tion, peristalsis, and pendular movements in the absence of hypothalamic 
stimulation were not induced by respiratory excursions nor by moving the 
gut loops about in the beaker. 

Stimulation of other regions of the diencephalon and mesencephalon. Seg- 
mentation and peristalsis of the intestine could be elicited by stimulating 
either side of the tuber cinereum or the dorsal portion of the supramam- 
millary decussation. Similarly, pendular movements were induced or enhanced 
by stimulation in and above the middle portions of the mammillary bodies 
and in the supramammillary decussation and its nucleus. In contrast, diminu- 
tion or abolition of intestinal movements followed stimulation with relatively 
weak currents in the suprachiasmic region and in the supramammiilary de- 
cussation 2 mm. below the point at which pendular movements had been 
obtained. Stimulation in the suprachiasmic region also led to generalized 
spasticity and blanching of all of the visible intestinal loops — an effect which, 
in some animals, persisted until stimulation in the tuber cinereum brought 
a return of activity. Dilatation of the intestine was not observed in any of 
the experiments. 

Effects of stronger stimuli. When the hypothalamus was stimulated with 
currents intense enough to elicit marked emotional mimetic responses (sec- 
ondary coil settings of 8 to 7 cm. or 6 to 7 volts AC for bipolar and 3 to 4 
volts for unipolar stimulation) intestinal motility, when spontaneously pres- 
ent, was either definitely reduced or stopped during the period of stimulation 
and for several minutes thereafter. In animals in which the gut had been 
motionless before stimulation of the hypothalamus with these strengths of 
current, no activity appeared during or following the stimulus, even though 
weaker currents applied to the same point in the hypothalamus had previously 
been effective in eliciting vigorous intestinal movements. In general, the 
tonus of the muscle wall of the intestine appeared to remain unchanged even 
with strong stimuli, although in one instance spasticity was observed. Simi- 
larly, the tonicity of the blood vessels in the gut wall usually seemed un- 
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affected except when spasticity of the intestinal musculature itself induced 
blanching. However, in those animals in which transitory engorgement or 
constriction of the vessels had been elicited by weak stimuli, the use of 
stronger currents led to a corresponding increase in the vasomotor responses. 

Effects of the injection of strychnine into the diencephalon * When 0.05 cc. 
of a solution containing 0.07 to 0.08 mg. per kilogram of strychnine sulphate 
was injected into either side of the tuber cinereum the pendular movements 
of the intestinal loops were sometimes slightly increased, but the rhythmic 
segmentation and peristalsis, the tonicity of the muscular wall and the state 
of the blood vessels remained unaffected. However, administration of larger 
amounts of strychnine (up to 0.20 mg. per kilogram) was always followed by 
abolition of motility and increased tonicity and blanching of the gut whether 
or not other sympathetic responses were concurrently elicited. A second in- 
jection of strychnine from 30 to 45 mins, after the effects of the first had worn 
off produced reactions in the gut similar to those induced by the initial in- 
jection. 

When the toxic effects of large or repeated injections of strychnine began 
to appear (gradually falling blood pressure, disturbed respirations and con- 
vulsions), the intestine usually became motionless, spastic and cyanotic. In 
several animals, just before fatal respiratory paralysis supervened, the gut 
showed a vigorous burst of peristaltic and pendular movements despite the 
presence of marked spasticity and cyanosis. 

Changes in threshold. Electrical stimulation of the right side of the tuber 
cinereum following the local injection of 0.07 to 0.08 mg. per kilogram of 
strychnine sulphate revealed inconsistently lowered thresholds for the intes- 
tinal motor responses. Similarly, depressant effects on the gut associated 
with emotional mimetic responses could usually be elicited with currents 
weaker than those necessary before the injection of the strychnine salt. When 
stronger stimuli were applied to the tuber, especially after large or repeated 
injections of strychnine, transient convulsions were usually induced and al- 
ways foreshadowed ultimate respiratory failure. During this period the gut 
gradually became motionless, spastic and cyanotic, while the thresholds 
mounted rapidly until practically all responses to hypothalamic stimulation 
were abolished a few minutes before death. 

Recovery preparations 

A total of 23 fluoroscopic observations were made upon the 6 animals in 
this series. In 15 of these the hypothalamus was stimulated with currents 
which were too weak (0.05 to 2.0 volts AC) to cause overt emotional mimetic 
responses; that is, reactions other than those in the alimentary tract consisted 

* Control Injections: As shown in previous experiments (see reference in first footnote 
p. 350), the intradiencephalic injection of normal saline or Ringer's solution in amounts 
up to 0.2 cc. produces no observable effects and exerts no influence on the thresholds or 
electrical excitability if the injections are made at a rate of less than 0.1 cc. per min. When 
small amounts of India ink are added to the solution, the ink granules appear in minute 
tracts about the needle and, to a variable extent, in the third ventricle. 
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only in a slight restlessness and some increase in the rate of respiration. Never- 
theless, in 11 of these 15 experiments segmentation and peristalsis in the small 
intestine were either initiated or definitely augmented and in one of the 
animals marked pendular movements were also induced. The intestinal re- 
sponses appeared in from 5 to 15 secs, after the beginning of the stimulus and 
persisted for as much as 30 secs, after its cessation. In 2 of the animals in this 
series and in a number of others reported in previous communications,! 
retching and vomiting were observed during stimulation of the hypothalamus 
with weak or moderate currents. Of the other 4 experiments in which weak 
currents were used, 2 showed no change in the existing motility of the gut and 
in 2 the activity was found to be diminished. For the most part the entire 
small intestine appeared to respond as a unit. 

In the remaining 8 experiments, strengths of current sufficient to induce 
widespread vegetative and emotional mimetic responses (2.0 to 6.0 volts AC) 
were employed. The general reactions then consisted in dilatation of the 
pupils, piloerection, extrusion of the claws, marked restlessness, hissing, 
growling and finally, fairly well directed clawing, fighting or running move- 
ments.* During these responses and from 5 to 60 secs, thereafter the motility 
of the small intestine was diminished or abolished; further, the degree and 
persistence of the intestinal inhibition appeared to correspond directly with 
the vigor of the emotional mimetic effects produced by the hypothalamic 
stimulation. Similarly, in 2 animals which became markedly disturbed by 
accidental shocks from static charges on the fluoroscopic apparatus, the in- 
testinal tract, as viewed fluoroscopically, became markedly atonic. In these 
animals, moreover, hypothalamic stimulation with weak currents was with- 
out effect until they had become quiet and spontaneous intestinal motility 
had returned, at which time typical augmentation of activity was obtained. 

Effect of strychnine in recovery preparations. Injections of from 0.07 to 0.08 
mg. per kilogram of strychnine sulphate into the diencephalon caused little 
or no change in the rate of segmentation and peristalsis of the intestine if 
the other sympathetic effects of the injection were mild. However, when the 
vegetative and emotional mimetic effects were marked, intestinal motility 
was uniformly found to be depressed. Stimulation of the hypothalamus fol- 
lowing its injection with strychnine in recovery preparations revealed fairly 
consistently diminished thresholds for both the enteromotor and general 
emotional mimetic responses. 

Discussion 

In 1932 Beattie 1 demonstrated that electrical stimulation of the tuber 
cinereum in an anesthetized cat gave rise to vagal impulses winch induced 
increased peristalsis and secretion in the animal’s stomach. Beattie also 

f Masserman, J. H.: The effects of strychnine on the functions of the hypothalamus 
in emotional expression. J. Pharmacol. In press. Masserman, J. H.: The effects of pen n- 
methylenetetrazol (metrazol) on the hypothalamus. Arch. Neurol. Psychiat., Chicago. 
In press. 

* See references in first footnote p. 350. 
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anastomosed the central stump of one of the vagi with the peripheral end of 
the homolateral phrenic nerve and found that stimulation of the tuber 180 
days after operation caused contraction of the diaphragm. Beattie and Shee- 
han 2 later reported that stimulation of the tuber cinereum raised the intra- 
gastric pressure independently of the peristaltic activity and that stimulation 
of the caudal portions of the hypothalamus diminished the intragastric pres- 
sure slightly and abolished gastric motility. Cushing 3 observed that marked 
hypervagotonic effects upon gastric motility followed injections of pituitrin 
and pilocarpine into the lateral ventricle in 3 of his patients, and regarded 
these reactions as evidence for a parasympathetic center in the interbrain. 
Finally, Rabat, Anson, Magoun and Ranson* fluoroscoped recovery prepara- 
tions of cats and reported that inhibition of gastro-intestinal tonus and cessa- 
tion of peristalsis occurred when structures in and about the hypothalamus 
were stimulated with currents sufficiently strong to induce marked emotional 
mimetic behavior and other evidences of widespread sympathetic discharge. 
These findings are in accord with our observations in experiments with these 
strengths of stimuli; however, we found in addition that weaker currents 
almost as uniformly increased intestinal motility, although the difference 
between motor and inhibitory effects was, in several of our experiments, as 
small as one volt. 

Summary 

The effects of electrical stimulation of the hypothalamus and of the injec- 
tion of strychnine into the diencephalon upon the motility and blood supply 
of the small intestine were examined by direct inspection in cats anesthetized 
with ether and by fluoroscopy in recovery preparations. Observations in 14 
animals led to the following conclusions: 

1. Stimulation of the anterior portion of the hypothalamus with currents 
too weak to induce typical emotional mimetic responses in an anesthetized 
animal causes marked pendular movements of loops of small intestine and, 
less consistently, segmentation and peristalsis of the gut. In some animals 
these stimuli cause the small vessels in the external intestinal wall to constrict 
or dilate slightly, but more frequently no change in vasotonicity can be ob- 
served. In the recovery preparations segmentation and peristalsis are induced 
or augmented more consistently than are the pendular movements. 

2. Enteromotor effects are also obtained when the dorsal portion of the 
supramammillary decussation and the mammillary bodies are stimulated. 

3. Inhibition of intestinal motility is induced by the application of strong 
electrical stimuli anywhere in the hypothalamus and of weak stimuli in the 
suprachiasmic region or in the ventral portion of the supramammillary de- 
cussation. In stimulation of the hypothalamus the degree of intestinal in- 
hibition corresponds to the intensity of the other autonomic and emotional 
mimetic responses elicited by the stimulus. 

4. Injections of from 0.07 to 0.08 mg. per kilogram of strychnine sulphate 
into the diencephalon in cats causes either no change in intestinal activity 
or a slight accentuation in the intestinal movements. However, the injection 
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of larger amounts of strychnine into the diencephalon is consistently fol- 
lowed by spasticity, diminished motility and blanching of the small intestine. 

5. Electrical stimulation of the hypothalamus after its injection with 
strychnine reveals inconsistently lowered thresholds for the diencephalic 
enteromotor reactions, the degree of intestinal inhibition in general corre- 
sponding to the degree of facilitation of the other vegetative and emotional 
mimetic responses of the animal to hypothalamic stimulation. 
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Introduction 

The destruction of acetylcholine by the enzyme choline esterase is thought 
to account for the short duration of the effect of a nerve stimulus (Dale, 
1936). It has been shown that acetylcholine is liberated sometime after a 
motor nerve to striated muscle is stimulated (Dale, Feldberg and Vogt, 1936); 
and the amount of choline esterase present in the superior cervical ganglion 
is sufficient to accomplish the destruction of the acetylcholine liberated, pre- 
sumably within the refractory period of that ganglion (Glick, 1938). The in- 
activation of choline esterase by eserine is well known (Gaddum, 1935). The 
behavior of amphibian embryos poisoned with eserine during the swimming 
stage is characterized by a gradual paralysis of the skeletal musculature, by 
a gradual loss of irritability to mechanical stimulation and by the develop- 
ment of contracture. A similar paralysis and contracture have been observed 
in amphibian embryos in the early swimming stage after they had been made 
to swim continuously for a few minutes by repeated mechanical stimulation. 
Therefore, it would seem that the slow relaxation of young amphibian em- 
bryos in the flexure, "U,” and coil stages, and their quick fatigue through 
the early swimming stage* might be related to some developmental condition 
in the embryos affecting the relations between choline esterase and its sub- 
strate, acetylcholine. 

This is somewhat different from the explanation offered by McCouch 
(Coghill, 1929, p. 14). He suggested three factors which might act to prolong 
the coil reflex in Amblystoma: (i) The "early stage of development of the 
muscle and neurones,” (ii) opposition to the movement by the "tonic contrac- 
tion of muscles on the side of the exteroceptive stimulus,” (iii) "the resulting 
increased tension in the muscles of the convex side may set up proprioceptive 
stimuli which accentuate and prolong the coil reflex.” The first factor pertains 
to the differentiation of the tissues, and is related to the object of the present 
study. The second factor might be related to the low esterase content of this 
stage. The third factor, being based on the idea that proprioceptive stimuli 
may initiate muscular activity, is contrary to the report by Kato (1934) that 
proprioceptive fibers when stimulated give no response. That this finding may 

* Descriptions of these physiological stages are found in the publications of Coehill. 
1929; Herrick, 1937; and Youngstrom, 1938. 
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hold also for the proprioceptive endings of the Rohon-Beard cells is, of course, 
open to question. 

Assuming that acetylcholine is liberated by the nervous system of these 
embryos, its effect on the somites would be influenced by at least three fac- 
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tors: (i) The gradually decreasing concentration of salts in the embryo dur- 
ing the period of development (Schaper, 1902; Dempster, 1933; Youngstrom, 
1938) might help to make the developing somites more sensitive to acetyl- 
choline.* (ii) The avascular condition of the nervous and muscular tissues 

* Clark (1927) has shown that a reduction of potassium in Ringer’s solution increased 
the sensitivity of the heart to acetylcholine while an increase of potassium_or_calc;unj 
reduced this sensitivity. 
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until the swimming stage (Coghill and Moore, 1924) would allow the products 
of the choline esterase hydrolysis to accumulate locally, (iii) The amount 
of choline esterase present would influence the rate of destruction of the acetyl- 
choline. If the amount of choline esterase were relatively small, acetyl- 
choline might accumulate in the muscles. In this event one would expect 
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from the work of Brown (1937) that the somites of both sides of the embryo 
would be in a state of partial tetanus. The developing behavior of these em- 
bryos is in harmony with this idea. To determine the amount of choline es- 
terase present during the period of developing motility is the object of this 
study. 

MATERIAL AND METHODS 

Embryos of Amblystoma punctatum, Bufa terrestris, and Harm sphcnocephala were 
used m these experiments. A definite number of embryos were selected according to their 
degree of morphological development*; and their type of reaction to mechanical stimuli. 

‘ The Amllysloma embryos were staged according to Harrison's figures for the normal 
development of this form. 
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They were then ground in a mortar and made up to a standard volume with water and a 
limited amount of phosphate buffer pH 7.61. A definite amount of this suspension was 
added to a known amount of acetylcholine iodide solution, and samples of this mixture 
were tested at frequent intervals on guinea pig ileum after the method of Bernheim and 
Bemheim (1936). Failure of the gut to respond to the standardized test samples indicated 
the destruction of a definite amount of acetylcholine iodide. The preparations were sensi- 
tive to acetylcholine iodide diluted to 1 part in 7,500,000. This is a greater sensitivity 
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than was ascribed to this method by the Bernheims, because the use of a smaller vessel 
made it possible to suspend the guinea pig ileum in only 15 cc. of fluid. 

The total amount of enzyme present was found to be so small that no attempt was 
made to extract it. The effect on guinea pig ileum of the ground embryo suspension itself 
as well as that of the alkaline buffer, was controlled by using test samples which con- 
tained less than threshold amounts of these substances. 

The temperature during the time the enzyme and substrate were allowed to react was 
held constant for each series. The determinations on Amblystoma punctatum were done 
at 37°C.; those on Bufo terrestris and Rana sphenocephala, were done at 25°C. 
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Results 

The amount of choline esterase present at different stages of development 
in the three species studied is presented graphically in Figs. 1 to 4. Fig. I is 
plotted on semi-log paper to show the distribution of the data. Fig. 2 is con- 
structed from the same data to show directly the relative amount of enzyme. 
In Fig. 1 each + sign represents one determination, while in Figs. 2, 3 and 4 
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each + represents the average of several determinations. The ordinate scale 
represents time in Fig. 1. In Figs. 2, 3 and 4 it represents the reciprocal of the 
times for hydrolysis of 1 gamma of acetylcholine iodide by 2.5 Amblystoma 
embryos, by 1.25 toad embryos and by 5 frog embryos, respectively. The per- 
centage scale arbitrarily represents the highest value on each graph as 100 
per cent. 

The difference in the ordinate scale as observed in Figs. 2, 3 and 4 may 
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be explained largely on the basis of the difference in dry weight of the three 
species. The average dry weight of an individual embryo in the early swim- 
ming stage is 2.2 mg., 0.5 mg., and 1.3 mg. for Amblystoma punctatum, Bufo 
terrestris and Rana sphenocephala, respectively. The increase in the amount of 
the enzyme would be relatively greater if it were expressed in terms of dry 
weight instead of the number of embryos, because the dry weight is decreas- 
ing slightly diming this phase of development. Although there is considerable 
species difference in the character of these curves, all show a significant in- 
crease during the period of developing motility. From the beginning of 
motility to the early swimming stage there is a 13 fold, 5 fold and 5 fold in- 
crease of the choline esterase in Amblystoma punctatum, Bufo terrestris, and 
Rana sphenocephala, respectively. The enzyme, moreover, is present before 
the nervous system appears. The amount is then very small in Amblystoma 
punctatum and in Bufo terrestris, but quite considerable in Rana sphenoceph- 
ala. In the last named species it is as abundant in the 2 and 4 cell stage as 
in the early swimming stage. 

Summary and Conclusions 

The amount of choline esterase present during representative stages of 
development has been determined for 3 species of amphibian embryos. A 
significant increase occurred in all 3 species during the period of developing 
motility. These data do not bear directly on the explanation of the prolonged 
character of the coil reaction offered by McCouch, but should contribute to 
a better understanding of the slow relaxation and early fatigue of young am- 
phibian embryos. It seems that a satisfactory explanation of developing be- 
havior must consider neurohumoral factors of nerve physiology, as well as 
the developing patterns of neuroanatomy. 
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Introduction 

Several anatomists (Cajal , 1 Marinesco , 10 Minkowksi , 11 Kariya , 8 Hirasawa 
and Kariya 7 ) have described corticostriatal neurons, originating in the sen- 
sorimotor cortex. Nevertheless the present tendency in neuroanatomy and 
neurology is to ignore these findings and to maintain that the cerebral cortex 
does not directly influence the activity of the striatum, an opinion under- 
standable in the absence of physiological evidence of a directed functional 
relation from cortex to striatum. 

In this paperf direct experimental evidence for such a functional rela- 
tion is presented. It will be shown: (i) that two specific areas of the sensori- 
motor cortex, namely the areas L.4-s and A.4-sJ influence the activity 
of one of the constituent portions of the striatum, viz., the nucleus caudatus, 
(ii) that these areas L.4-s and A.4-s via this nucleus influence the activity of 
the thalamus, and (iii) that these areas via nucleus caudatus and thalamus 
influence the activity of two other areas, viz., the leg-and arm-portions of area 
4 (L.4 and A.4) of the sensorimotor cortex. In other words, in this paper will 
be demonstrated by physiological methods the existence and operation of the 
following one-way system: 

Areas L.4-s and A.4-s—mucleus caudatus ■■■^thalamus opticus— ^areas L.4 

and A.4 

This has been done by combining recording of electrical activity, local 
strychninization and operative lesions of the nervous structures involved. 
The connection between the caudate nucleus and thalamus has been indi- 
cated by a dotted arrow, because the course of the neurons establishing this 
connection is as yet uncertain (see discussion, p. 376). 

METHODS 

All experiments were performed on monkeys ( Macaca mulatto) fully anesthetized with 
Dial§ (0.45 cc. per kilogram bodyweight, half of the dose given intraperitoneally, halt 
intramuscularly). In some experiments curarization was used. 

In these experiments the method of local strychninization was combined, as in previous 
investigations'- 3 with that of recording the electrical activity of various levels of the brain. 
The local strychninizations of the caudate nucleus were performed by injecting minute 
quantities of a 3 per cent strychnine solution (0.3-1.0 cmm. =10-307 of strychnine) by 

* The expenses of this investigation were defrayed by a grant from the Fluid Research 
Funds of Yale University, School of Medicine. 

f A preliminary report of this investigation was presented before the annual meeting 

of the American Neurological Association at Atlantic City on May 3, 1938. 

J For the designation of the various cortical areas see Dusser de Barenne an c- 
Culloch. 5 

§ The Dial was kindly put at our disposal by the Ciba Company. 
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means of the micro-injection method developed by Dusser de Barenne and Sager. 4 6 The 
electrical activity from the various portions of the sensorimotor cortex (electrocortico- 
gram: ECG) was recorded simultaneously with bipolar Ag-AgCh electrodes through 
AC-amplifiers and a Westinghouse four-element oscillograph; the electrograms from the 
subcortical structures, the caudate nucleus and the various thalamic nuclei, were taken 
with concentric needle-electrodes, 3 in which the inner insulated electrode protruded 1.5 
mm. beyond the outer one, the hypodermic needle proper. The animals and the electrodes 
were placed on a table in a large Faraday-cage, so that the recordings of the electrical 
activity were undisturbed by extraneous electrical fields. 



Fig. 1. "Knife,” a little piece of thin flat steel sharpened at the edge, on needle-holder 
and stand for placing small lesions in subcortical structures. As a holder for the needle with 
the knife serves a pinvise, which can be rotated around its length-axis on a closely fitting 
pin mounted rigidly in the micro-injection apparatus. Thus a small lesion can be made in 
the particular subcortical structure. The needle is withdrawn in the same vertical position 
in which it was introduced; thus the smallest possible "track” outside the desired sub- 
cortical structure is obtained. 

In a number of the experiments localized lesions were made in various subcortical 
structures, viz., the optic thalamus, the caudate nucleus and other portions of the striatum. 
The apparatus was a little "knife” soldered to the end of an ordinary sewingneedle and 
mounted on a needle-holder, instead of the tuberculin-syringe, in a microinjection appara- 
tus of Dusser de Barenne and Sager (see Fig. 1). This "knife” was introduced into the 
desired subcortical structure in a vertical plane, then the needle-holder was turned 360° 
around its length-axis; thus the knife produced a sharply localized, olive-shaped lesion, 
the shape and size of which is determined by the shape and size of the "knife.” The length 
of such a lesion can be increased by screwing the "knife” back by the micrometer-screw 
of the apparatus over a few millimeters and then repeating the rotation around the length- 
axis of the needle. Finally the "knife” was withdrawn from the brain by screwing it back 
in its original position in the vertical plane. 
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Results 

As shown previously 2 the local strychninization of area A.4-s or L.4-s 
results in a temporary suppression of the electrical activity of the areas A.4 
and L.4. It was stated there that this suppression does not depend upon in- 
terareal connections, but occurs via one or more subcortical structures. This 
statement was based upon the following two groups of experiments. 

A. (i). An incision between area A.4-s and area A.4, 10 to 12 mm. 
deep, does not prevent this suppression (see Fig. 2). 



i 


Fig. 2. October 18, 1937. Macaque. Dial-narcosis. ECG of area A.4 (:) before (record 
2) and after (records 4, 8 and 9) local strychninization of area A.4-S. Before the records 
were taken a deep cut (J), 9( mm, deep, was made between A.4 and A.4-s. Record 4 
taken two minutes, record 8 nine minutes and record 9 thirteen minutes after the local 
strychninization of A.4-s, Note suppression in ECG of record 4 with gradual return to 
normal in records 8 and 9. Diagram: L, A, F -leg- arm- and face subdivisions of pre- 
central sensorimotor cortex.: —position of electrodes on A.4. S. pr. S =Sulcus precentrahs 
superior, S. arc. =S. arcuatus. 

(ii). The undercutting of area A.4-S does prevent the suppression 
(see Fig. 3). 

These two experiments prove that this suppression involves connections 
from area 4-s to some subcortical structure. The following experimental evi- 
dence points to the nucleus caudatus. 

B. (i). The nucleus caudatus is ''fired” by local strychninization of 
area 4-s, either L.4-s or A.4-S (see Fig. 4). 

(ii). The nucleus caudatus is not "fired” by local strychninization 
of areas L.4, A.4, L.6a or A.6a (see Fig. 5). The site of strych- 
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Fig. 3. October 20, 1937. Macaque. Dial-narcosis. ECGs from L.4, A.4 and F.4. All 
records taken after undercutting of A.4-s and L.4-S. Record 1 taken before local strych- 
ninization of A.4-s, records 2, 3 and 4 after this strychninization. Note absence of sup- 
pression in ECGs of A.4 and L 4. 


) Z 5 

N.c. 


I I I 

A 

Fig. 4. February 14, 1938. Macaque. Dial-narcosis. Local strychninization of A,4-s 
resulting in strychnine-spikes in electrogram of nucleus caudatus. Record 1 before, record 
2 five minutes after this strychninization, record 3 fifteen minutes later. The spiking in the 
EC G of A.4 (record 2) is due to the fact that the strychninization slightly encroached 
upon A.4. 
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ninization in the caudate nucleus in the particular experiment 
from which Figs. 4 and 5 are taken is shown in Fig. 6. 


3.2 3 



i 


Fig. 5. Same animal as of Fig. 4. Record 1 electrograms of nucleus caudatus and A.4 
before strychninization. Record 2 same after local strychninization of A.4: spiking in ECG 
of A.4, not in electrogram of N. C. Record 3 same after local strychninization of A.6a: 
spiking in ECG of A.4, no "firing” of nucleus caudatus. 

The interpretation of these findings consistent with the conclusions from 
previous observations 2 is that the strychnine applied to area 4-s has acted 
upon perikarya of neurons with axons or axonal collaterals ending in and thus 
"firing” the caudate nucleus, and that of the areas mentioned above area 4-s 
only is directly connected with the caudate nucleus. 

Further evidence implicating the caudate nucleus is found in the following 
groups of experiments. 

C. (i). An experimental lesion in the occipital portion of the caput 
nuclei caudati is immediately followed by a marked increase 
of electrical activity of A.4 and L.4 persisting for half an hour 
to two hours (see Fig. 7b). 



Fig. 6. Fig. 6 shows track of concentric needle-electrodes in nucleus 
caudatus of experiment of Figs. 4 and 5. 
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(ii) . Subsequently, local stryehninization of A.4-s or L.4-S fails to 

suppress the activity of A.4 and L.4 (Compare Fig. 7a (before) 
and 7c (after lesion in nuel. caud.)) 

The lesion made in the nucleus caudatus, which gave rise to 
the "release” of area A.4 pictured in Fig. 7b and prevented 
the suppression of area A.4 recorded in Fig. 7a and 7c, is 
shown in Fig. 8. 

(iii) . Local stryehninization of the caudate nucleus results in a 

typical temporary suppression in areas A.4 and L.4, similar to 
that appearing after local stryehninization of area A.4-s or area 
L.4-S (see Fig. 9). Comparing the ECG of A.4 in Fig. 9 (1) 
with that in Fig. 9 (3), it will be seen that the activity in the 
latter is definitely enhanced. This is a consistent finding, to be 
expected inasmuch as the introduction of a needle into the 
caudate nucleus inevitably produces a lesion. Apparently the 
suppression of the activity of area A.4 due to the hyperactiv- 
ity of the locally strychninized caudate nucleus is sufficient to 
overshadow temporarily the "release” of this area by such a 
small destructive lesion. The site of stryehninization in the 
caudate nucleus in the particular experiment from which Fig. 
9 is taken is given in Fig. 10. 

One of the few points upon which neuroanatomists unanimously agree is 
that in the caudate nucleus arise no corticopetal neurons, i.e., they all deny 
the existence of caudatocortical axons, a conclusion substantiated by our re- 
peated failures to find "firing” of any portion of the sensorimotor cortex by 
local stryehninization of the caudate nucleus. 

The experiments presented here show conclusively that the caudate 
nucleus affects the activity of areas A.4 and L.4. There must be, therefore, 
some indirect connection between this nucleus and these areas of the sensori- 
motor cortex. This requires a subcortical structure which 1. is affected by the 
nucleus caudatus and 2. itself, in turn, affects the activity of A.4 and L.4 of the 
sensorimotor cortex. All physiological and anatomical evidence points to the 
optic thalamus. 

D. (i). Therefore, in several experiments the electrical activity ol 
some of the arm- and leg-nuclei of the thalamus, 3 i.e., the 
electrothalamograms (ETG) of these nuclei, were recorded 
simultaneously with the ECGs of areas A.4 and L.4, before 
and after local stryehninization of the caudate nucleus. It 
was found that such stryehninization temporarily suppresses 
the activity of the thalamus as well as that of areas A.4 and 
L.4 (see Fig. 11). In Fig. 12 is shown the position of the thal- 
amic electrodes and the site of stryehninization in the caudate 
nucleus in the particular experiment of Fig. 11. Thus the thala- 
mus ful fil s the first requirement mentioned above. 
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(ii). With respect to the second requirement it has been stated in a 
previous paper 3 that strychninization of the thalamus results 
in "firing” of the sensorimotor cortex. Experiments of this 
kind show that, as one would expect, the thalamus affects the 



Fig. 8. This figure shows lesion of nucleus caudatus in experiment of Fig. 7. 
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activity of the cortex, but not that cortical activity depends 
upon thalamic activity. However, this can be shown by under- 
cutting the sensorimotor cortex, thus destroying thalamocor- 

Fic. 7. Macaque. Dial narcosis. Simultaneous ECGs of A.6, A.4, F.4. In Fig. a typical 
temporary suppression of A.4 upon local strychninization of A.4-S. In Fig. b "release” of 
A.4 after acute lesion in nucleus caudatus; record 1 of b before lesion. In Fig. c absence of 
suppression (after "release” has subsided several hours after lesion) upon local strych- 
ninization of A.4-s. 
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Fig. 10. Site of strychninization in caudate nucleus in experiment of Fig. 9. 
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Fig. 11. Macaque. Dial-narcosis. ETG of a leg-nucleus of the thalamus and ECG of 
A .4 and L.4. Record 1 "normal”; in record 2, after local strychninization of caudate 
nucleus, suppression in ETG and EGGs. In record 3 return to "normal” of all electro- 
grams. 
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tical connections. The simultaneous severance of the cor- 
ticothalamic neurons is obviously of no importance here. In 
the acute experiment such an undercut cortex is "silent,” j.e., 
its electrical activity is abolished, though its threshold for 
cortical after-discharge to electrical stimulation, if altered at 
all, is slightly lowered. In the chronic experiment, even with 
undercutting of a portion of the sensorimotor cortex only, for 
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Fig. 12. This figure shows the position of the concentric needle-electrodes in nucleus 
Z6m (leg-nucleus) of the thalamus of the right hemisphere and the site of strychmnization 
in the right caudate nucleus in experiment of Fig. 11. The needle-electrodes were intro- 
duced into the right thalamus through the left hemisphere so as not to damage the right 
corticothalamic and thalamocortical connections. 


instance of the precentral arm-area, though the electrical 
activity has returned to some extent, the ECG, even after 
a survival period of 2.5 years, is highly abnormal. These 
observations prove that the ECG normally depends directly on 
thalamic impulses impinging upon the cortex. 

The same can be shown by acute experimental lesions in the 
sensory nuclei of the thalamus. These also result in a marked 
diminution of the electrical activity in the corresponding 
subdivisions of the sensorimotor cortex. Yet, even the residual 
cortical activity of areas A. 4 and L.4 depending upon the 
remnants of the sensory nuclei of the thalamus still shows a 
trace of suppression upon local strychninization of the caudate 
nucleus (see Figs. 13 and 14). 
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Taken together, these results show that the thalamus fulfills both of the 
above mentioned requirements for a subcortical structure linking the caudate 
nucleus with areas A.4 and L.4 of the sensorimotor cortex. 
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Fig. 13. March 18, 1938. Macaque. Dial-narcosis. Fig. 13 o shows ECCs of various 
cortical areas before and after local strychninization of A.4-S. Mote suppression ri 
of L.4 in 2 and in ECG of A.4 in 3. The records of Fig 13 6 were taken almost two hours 
after a lesion of the leg-nuclei of the thalamus. Record 1 before, recor d 2 with 

strychninization of A.4-S. Note the typical suppression m ECG of A.4 ,m i recora 
return to normal in record 3. Note also that even the reduced activity of L.4, due to 
lesion of the leg nuclei, is temporarily somewhat suppressed (recor ;• 


Discussion 

The experiments reported in this paper are concerned only with the pr 
central portions of the arm- and leg- subdivisions of * ^sensorirno ’ 

the corresponding sensory nuclei of the thalamus and the pos P 
of the caput and the anterior portion of the cauda o e nuc eu ^ 

Neither strychninization nor lesion of these structures has ap 'F e t re _ 

the electrical activity of area F.4. These statements cons i u p 
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strictions because it has been found that the functional organization in the 
precentral face-subdivision of the sensorimotor cortex is so different from that 
in the precentral arm- and leg-subdivisions that the subject must be dealt with 
in a separate paper. 

As mentioned previously 2 our areas A.4-S and L.4-S are identical with that 
portion of the “strip” of Marion Hines' which lies on the outer surface of the 
arm- and leg-subdivisions of the sensorimotor cortex. The striking analogy 
of her finding, namely abolition of existing motor activity on electrical stimu- 
lation of the "strip,” with our suppression, the abolition of an existing elec- 



Fig. 14. Lesion of some of the leg-nuclei of the thalamus in experiment of Fig. 13. 
There is a slight haemorrhage also in nucleus va (arm nucleus) in middle picture of bottom 
row. In the first picture the slit made by the introduction of the "knife” m the vertical 
position is seen; the oval lesions in the subsequent pictures are made by the rotation of the 
"knife” around its length-axis. 

trical activity of areas A.4 and L.4 upon local strychninization of the "strip” 
(A.4-s and L.4-s), has been mentioned there too. Now another analogy has 
become apparent. We have not indeed destroyed the "strip,” which operation 
in the hands of Marion Hines resulted in spasticity for some days, but we 
have destroyed a large portion of the nucleus caudatus (shown here to be a 
necessary link in the pathway from areas 4-s to the thalamus and so to areas 
A.4 and L.4 of the cortex), which resulted in a release of these areas for a 
matter of hours. Marion Hines has not shown what pathways emanating 
from her strip are involved in the production of the spasticity. Therefore, one 
cannot without more ado identify the subcortical structures involved in the 
production of this spasticity with those responsible for the "release” of areas 
A.4 and L.4. If these structures are significantly different, the durations of 
the disturbances might be different for that reason alone. Apart from this, 
our lesions in the caudate nucleus were far from complete destructions and 
the duration of our release depended upon the size of the lesion. Just so the 
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duration of spasticity varied with the extent of Hines’ lesions. Finally it should 
be pointed out that our animals were fully anesthetized throughout the ex- 
periment, whereas Hines’ animals were not under narcosis. These latter con- 
siderations indicate that the discrepancy in duration of the two phenomena 
is not a serious objection against the stated analogy. The fundamental differ- 
ence is of course that Marion Hines investigated disturbances descending to 
striped muscle, whereas our experiments upon suppression of areas A.4 and 
L.4 dealt with disturbances affecting thalamocortical activity, i.e,, ascending 
to the cerebral cortex. 

In the introduction the linkage between the caudate nucleus and the 
thalamus was represented by a dotted arrow to indicate that its path is as 
yet undetermined. Neuroanatomy has not solved this problem. A few authors 
have described direct short caudatothalamic neurons; others have described 
longer caudatothalamic neurons running through the laminae medullares of 
putamen and globus pallidus, and still others — in fact the majority of neuro- 
anatomists— deny the existence of both of these direct systems and acknowl- 
edge only indirect connections between the caudate nucleus and thalamus 
with a synaptic relay in the pallidum (see the synopsis by Kodama 9 ). In this 
respect it is of interest that, although large lesions in the putamen do not 
cause "release” or prevent suppression of areas A.4 and L.4, one experiment 
in which such a lesion was extended into the pallidum did prevent suppression 
without causing release. By no such experiment can one distinguish between 
long direct caudatothalamic neurons and systems relayed in the pallidum. Yet 
this experiment does suggest that somehow impulses necessary for suppres- 
sion pass through this region; it does not preclude the existence of or the neces- 
sity of activity in short direct caudatothalamic neurons. 

That large lesions in the putamen neither cause release nor prevent sup- 
pression of areas A.4 and L.4 is entirely in harmony with the absence of any 
strychnine-spikes in the electrogram of the putamen upon local strychniniza- 
tion of areas A.4-S and L.4-s. These findings suffice to show that in spite of 
the anatomical homogeneity of the nucleus caudatus with the putamen, the 
latter is not a part of the system discussed in this paper. 

From the observations reported here it is clear that the caudate nucleus 
" brakes ” the activity of the thalamus and, via this structure, that of the areas 
A.4 and L.4 of the sensorimotor cortex. This is evidenced by the findings that 
a lesion in the caudate nucleus temporarily releases the activity of these cor- 
tical areas and that hyperactivity of this nucleus, induced by its local strych- 
ninization or by that of either area A.4-S or L.4-S of the sensorimotor cortex, 
suppresses the activity of areas A.4 and L.4 of this region of the cortex. 

The experiments reported, therefore, constitute a demonstration by phys- 
iological means that the striatum, more particularly the caudate nucleus, 
does not function independently of the cerebral cortex. On the contrary; it 
has been shown here: (i) that specific areas (A-4.S and L.4-s) of the sensori- 
motor cortex directly influence, excite, or activate, the caudate nucleus, (ii) 
that the activity of this subcortical structure influences, or "brakes,” albeit 
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indirectly via the optic thalamus, the activity of other equally specific areas 
(A.4 and L.4) of the same sensorimotor cortex. 

Summary 

1. The suppression of the electrical activity of A 4 and L 4 by local strych- 
ninization of A.4-S or L.4-s involves subcortical structures, namely, the nu- 
cleus caudatus and the thalamus opticus 

2. The nucleus caudatus is "fired” by local strychninization of A.4-S or 
L 4-s, but not by that of A 4, L.4, A.6a or L 6a. 

3. A lesion in the nucleus caudatus temporarily "releases” A 4 and L.4. 

4. Strychninization of the nucleus caudatus produces a typical suppres- 
sion of the electrical activity of thalamus and of A.4 and L 4. 

5. The normal electrical activity of the sensorimotor cortex depends upon 
the influx of thalamocortical impulses. 

6. The putamen is not involved in this system. 

7. The pathway from nucleus caudatus to thalamus is as yet undeter- 
mined. 

8. The functional one-way system described in this paper is constituted 
as follows. 

A.4-S and L 4-s — * nucleus caudatus > thalamus opticus — » A.4 and L 4. 
REFERENCES 

1 Cajal, S Ramon y Histologie du systeme nerueux de I’komme et des vertebras ( d’Azou - 
lay) Maloine Pans, 1909-1911 2 vols 

2 Dosser de Barenne, J. G , and McCulloch, W S Functional organization in the 
sensory cortex of the monkey {Macaco, mulatto) J Neurophysiol , 1938, 1 . 70-85 

3 Dusser de Barenne, J G , and McCulloch, W S Direct functional interrelation 
between sensory cortex and thalamus opticus J Neurophysiol , 1938, 1 176-186. 

4 Dusser de Barenne, J G , and Sager, O Uber die sensiblen Funktionen des 
Thalamus opticus der Katze Untersucht mit der Methode der orthchen Strychnm- 
vergiftung, allgemeine Symptomatology und funktionelle Lokalisation Z. ges 
Neurol Psychiat , 1931, 133 231-272 

5 Dusser de Barenne, J G , and Sager, O Sensory functions of the optic thalamus 
of the monkey (Macacus rhesus) Arch Neurol Psychiat , Chicago , 1937, 38 913-926 

6 Hines, Marion The "motor” cortex Johns Hopk Hosp Bull , 1937, 60 313-336 
7. Hirasawa, K , and Kariya, K Cher die corticalen extrapyramidalen Fasern aus 

dem motonschenRindenfeld (Area 4a, b, c) beim Affen (Macacus rhesus) Folia anat 
Japon , 1936, 14 603-620 

8 Kariya, I Experimented Untersuchung uber die corticalen extrapyramidalen Tasern 
aus dem sogenannten motonschen Rindenzentrum (Area 4 und 6) der Katze Folia 
anat Japon , 1936, 14 241-297. 

9. Kodama, S Ober die sogenannten Basalganglien Schweiz Arch Neurol Psychiat , 
1929 ,28 179-264. 

10 Mamnesco, G Des connexions du corps stne avec le lobe frontal C. R Soc Biol. 
Paris ,1895,47 77-78 

11 Minkowski, M fitudes sur les connections anatomiques des circonvolutions ro- 
landiques, parietales et frontales Schweiz Arch Neurol Psychiat , 1923, 12 71-104, 
227-268. 1924. 14 255-278. 1924. IS 97-132 



REFLEX DISCHARGE FROM THE SPINAL CORD 
OVER THE DORSAL ROOTS 

JAN F. TOENNIES 

From the Laboratories of The Rockefeller Institute for Medical Research, Neiv York 
(Received for publication June 8, 1938) 

Introduction 

The experiments described in this paper started from an observation made 
on the saphenous nerve of the cat. In order to send controlled volleys of im- 
pulses toward the spinal cord, the usual stimulating electrodes had been sup- 
plemented with lead electrodes, so that the content of fibers active in the 
nerve could be ascertained. It was observed that, in addition to the potentials 
arising directly from the stimulating electrodes, there appeared a large group 
of potentials resembling closely the reflex discharge that is seen in a mixed 
nerve in sequence to an afferent volley. Since it is known from the work of 
Heinbecker, O’Leary and Bishop (1933) and others that the saphenous nerve, 
apart from a fraction of the C fibers contributed by way of the grey rami, is 
made up exclusively of fibers of dorsal root origin, the possibility appeared to 
be at hand of obtaining new information about the discharges over the dorsal 
roots that have previously been described by Gotch and Horsley (1891) and 
by Matthews (1934). 

A few preliminary experiments were performed to establish the validity 
of the observation and to orient further work. The following results were 
obtained: 

1. Persistence of the discharge in the saphenous nerve, when the stimulat- 
ing electrodes were transferred in turn to the homolateral tibial or peroneal 
nerve, showed that the discharge was of a reflex nature. 

2. Discharges of the same type in dorsal roots connected only with the 
cord, when other roots or various peripheral nerves were stimulated, con- 
firmed the involvement of these structures in the reflex. 

3. That the potentials led from the saphenous nerve were not produced 
by movement of the preparation and were not artifacts derived from other 
nerves or from muscles was shown in a number of ways, (i) The discharge was 
large. It was clearly visible in a neurogram in which a maximal spike could be 
recorded. High amplification was not necessary and, therefore, the danger 
of picking up distant potentials was minimized, (ii) The impulses were readily 
recorded when a long stretch of nerve was freed from the body and the leads 
were placed near the cut ends of the nerve with the ground lead in the proxi- 
mal position, the preparation otherwise being without connection with the 
ground, (iii) The potentials were still present when the preparation was curar- 
ized or when all motor nerves to the hind limbs had been severed, (iv) The 
reflex discharge was reversibly blocked by cocainization of the nerve central 
to the leads, (v) When the stimulating electrodes were placed at the end of 
the nerve and a diphasic lead was made proximal to them, the initial phase of 
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the discharge was in the direction opposite to that of the initial phase of 
the afferent volley, showing that the two sets of impulses were being con- 
ducted in opposite directions. 

After satisfactory proofs had been obtained for the existence of the reflex, 
a series of experiments was designed with the end in view of learning the 
properties of the reflex. 

METHODS 

Nerves in good condition and at body temperature are subject to spontaneous firing 
if exposed to air and the impulses maintain the spinal cord in a continuously conditioned 
state, thereby reducing the reflex responses to experimentally induced afferent volleys. 
In order to obviate this difficulty two methods were employed. When velocities of con- 
duction were of importance and the nerve had to be kept at body temperature, firing was 
prevented by keeping the nerve in 5 per cent C0 2 in oxygen, as described by Lehmann 
(1937). When velocities of conduction were not of special significance, it sufficed to allow 
the exposed portion of the nerve to become equilibrated to the temperatures of the labora- 
tory (25°C.-30°C.), as at thes 1 

Decerebrated cats were us * me 

cases dial narcosis was emplo} _ to 

exhibit any significant difference from similar experiments performed on decerebrated 
preparations. 

For simultaneous leads the differential input circuit described by Toennies (1938) 
was employed. As between the several leads on a preparation, the disturbance at any 
given pair of leads due to potential differences between these leads and a grounded point 
of the preparation, or between these leads and any other pair of leads, is not more than 
one-thousandth part of the potential differences in question. 

Results 

Form of the reflex. The reflex appears at a fixed interval after the stimulus 
producing the exciting afferent volley, the interval being determined by the 
sum of the conduction times in the nerve fibers involved in the afferent and 
efferent arms of the reflex and the central reflex time. In homolateral reflexes 
excited by strong volleys the action potential of the discharge, whether re- 
corded in the roots or in the saphenous nerve, rises rapidly to a maximum. A 
peak is reached within 1-2 msec. (Figs. 1, 3, 8, and 11); then the potential 
declines along a curve which shows two or three secondary crests spaced 
2.5-3.5 msec, apart (Fig. lc, d, g, 3a, 7b, 8b). 1 The total duration of the dis- 
charge lasts 20-30 msec. 

A typical picture of the reflex produced in the saphenous nerve when the 
saphenous nerve itself is stimulated is shown in Fig. 1. A portion of the nerve 
was exposed in the leg and placed on electrodes arranged as in the diagram in 
Fig. la. In this arrangement, the spike set up at the centrally placed stimu- 
lating electrodes is conducted to the end of the nerve and there recorded 
monophasically. It shows the fiber content of the volley which is set up by 
the same stimulus and conducted toward the central nervous system. About 
8 msec, after the stimulus the reflex discharge begins to be recorded. It will be 
noted that after the first large discharge there is an additional, discrete, wave 
(Fig, lc ) composed of impulses conducted at a slower velocity. This wave, 

1 While this paper was in press, it was shown by additional experiments that the second 
and third crests are attributable to the repeated activity of fibers that responded during 
the first crest. & 
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Fig. 1. Dorsal root reflex. De- 
cerebrated cat. a, arrangement of 
electrodes: stimulus and lead on 
saphenous nerve, b, maximal stimu- 
lation of alpha fibers with reflex, c, 
same as b, but at 4 X the amplifica- 
tion. d, weak shock with reflex fol- 
lowing: amplification 20 X that of 
record b. e, weak shock, recorded 
with same amplification as b. f, time 
1 msec. each, g, stimulus on sciatic 
nerve, lead on saphenous nerve, 
amplification as for c, speed as for f. 


which will be shown to be made up of action 
potentials in delta fibers, is typical of all 
saphenous to saphenous reflexes; but it is 
not seen in reflex discharges into the saphe- 
nous brought out by afferent volleys in other 
nerves. 

When the reflex is contralateral, a differ- 
ent picture is obtained. The reflex is much 
smaller, and instead of starting with a burst 
of impulses, the discharge starts in a few 
fibers and builds up gradually to a maximum 
over a period varying between 6 and 20 
msec., depending upon the conditions. In 
Fig. 2 a comparison is made between a 
homolateral and a contralateral saphenous 
to saphenous reflex in the same preparation; 
and in Fig. 3 the reflex discharges in dorsal 
roots on opposite sides of the lumbar cord, 
as they are evoked by a shock applied to the 
sciatic nerve, are brought into contrast. 

Reflexes into the dorsal roots can be 
evoked by stimulation of any one of the 
adjacent roots of the same or the opposite 
side. Similarly, reflexes into the saphenous 
nerve can be elicited by any sensory nerve of 
the same or opposite limb. The largest re- 
flex, however, is produced when the saphe- 
nous nerve itself is stimulated. When shocks 
of increasing strength are applied, the reflex 
starts with the first fibers to respond, 
whether the stimulus is to the saphenous 
nerve (Fig. Id) or to some other nerve, and 
it grows as the number of fibers stimulated 
increases. During the early period of growth 
the area of the potential of the reflex dis- 
charge is in an approximately linear rela- 
tionship to the area of the potential of the 
fibers stimulated. The same rule is followed 
that was shown by Odoriz to hold for dis- 
charges into mixed nerves. Some idea of the 
magnitude of the reflex can be gained from 
the observation that when weak stimuli are 
applied to the saphenous nerve, the area of 
the potential of reflex origin developing in 
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the nerve may be considerably larger than the area of the potential resulting 
from the direct excitation (Fig. Id). As the strength of stimulus is increased, 
the rate of increase in the size of the reflex falls off, and the addition of high 
threshold fibers to those of low threshold 


produces but little augmentation of the re- 
flex response. 

Fibers involved in the reflex. All the veloc- 
ities of conduction at which impulses are 
carried in medullated fibers appear to be 
represented. C fibers have not yet been de- 
tected. That the fastest fibers in the saphe- 
nous nerve are utilized is shown simply by 
taking leads at two distances from the cord. 
Fig. 4 shows the difference in the time of 
arrival of the fastest impulses at points 72 
mm. apart when the stimulus was applied 
to the sciatic nerve. The time difference is 
0.85 msec., which means a velocity of 85 m. 
per sec. (at 37.5°C.). 

The involvement of slower velocities is 
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shown by the dispersion of the impulses as 
conduction proceeds away from the cord. 
Fig. 5 was obtained from the saphenous 
nerve. A small opening was made over the 
nerve 70 mm. from the cord for application 
of the stimulating electrodes, and 120 mm. 


' Fig. 2. Comparison between 
homolateral and contralateral re- 
flex in the saphenous nerve. De- 
cerebrated cat. a, stimulus homo- 
lateral. 6 and c, contralateral stimu- 
lus. 




Fig. 3. Comparison between 
homolateral and contralateral reflex 
discharges in the dorsal roots of L 
6, Decerebrated cat. Stimulus on 
sciatic nerve: a, homolateral root. 
b, simultaneous lead from contra- 
lateral root in the same level with 
5 X amplification, c, another record 
from the contralateral root, showing 
a somewhat earlier start of the reflex 
discharge. 


C 
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Fig. 4. Conduction speed of the 
fastest fibers in the reflex discharge 
of the saphenous nerve, after homo- 
lateral sciatic stimulation. Cat under 
dial. Leads diphasic, a, record at 
proximal lead, b, record made simul- 
taneously at a lead 72 mm. distal to 
a. c, time in msec, and 0.2 msec. 



382 


JAN F. TOENNIES 


distal to this point the active lead was applied to a bit of the nerve that had 
been dissected free. The intervening stretch of nerve was left protected by 
its coverings. After recording the reflex the conduction distance was shortened, 
so that the lead came in turn to be 80, 35, and 20 mm. from the position of 

the stimulus. A notable feature of the records 
<Ugtal is the second distinct elevation. As conduc- 
tion proceeds, the second elevation becomes 
increasingly separated from the first one, 
showing that it is made up of slower im- 
pulses. Calculation of the velocities shows 
.iso mm that the head of the group travels at about 




19 m. per sec. In other words, the impulses 
are in the fibers that give the delta elevation 
in the saphenous electroneurogram, origi- 
nally designated as the B elevation (Erlanger 
and Gasser, 1929) or the B v elevation 
(Bishop and Heinbecke r, 1930). A similar 
calculation for the velocity of the alpha fi- 
bers from the same records gives a value of 78 
m. per sec. (35°C.). 

Another method of determining the na- 
ture of the fibers occupied during the reflex 
is to oppose the discharge with a blocking 



volley of known fiber composition. Fig. 6 
shows the effect of opposing a volley of alpha 
fibers in the saphenous nerve to a reflex dis- 
charge into the nerve evoked from the sci- 
atic. During the refractory period of the al- 
pha fibers it is apparent that the discharge 
attributable to the sciatic stimulation is ob- 


Fig. 5. Conduction speed of the 
second discharge group (in delta 
fibers). Stimulus on the saphenous 
nerve 70 mm. from the spinal cord; 
leads at the distances from the 
spinal cord indicated on the records. 
Cat under dial. The first elevation in 
all four records is the directly ex- 
cited afferent volley. 


literated. The latter part of this discharge, 
however, escapes the block and becomes 
merged with the reflex of saphenous origin 
which now appears in a modified form, be- 
cause it is inhibited by the central condition- 
ing effect of the sciatic volley. By placing 
the blocking alpha volley in various posi- 
tions with respect to the discharge, it can be 
shown that all of the first large component 


of the reflex is carried in alpha fibers. 

The second discrete wave described above in the saphenous to saphenous 
reflex, on the other hand, cannot be blocked by an alpha volley. Active delta 
fibers are necessary. The simplest form of the experiment involves a single 
stimulus. When the saphenous nerve is stimulated at a strength that will 
excite only the fibers which contribute the first high elevation in the electro- 
neurogram, made up of fibers faster than delta (and in this paper called alpha). 
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a reflex is produced which contains all the components, including the delta 
group (Fig. 7a). If now the stimulus is increased, so that the exciting volley 
contains the delta elevation, the delta component of the reflex drops out (Fig. 
7b). The afferent delta fibers lag so far behind the alpha fibers that they are 


sciatic / saph. 



Fig. 6. Blocking effect of alpha fibers. Potentials 
in the saphenous nerve of a decerebrated cat. a, after 
stimulation of the homolateral sciatic nerve, b, after 
stimulation at alpha strength of the saphenous nerve 
itself, c, both stimuli combined: the saphenous stimu- 
lus on the way to the spinal cord meets the reflex im- 
pulses coming from the cord. 
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combined 


d 


msec 


able to block the reflex discharge into delta fibers which the alpha fibers would 
produce. In a further refinement of this experiment it can be shown that the 
delta fibers drop out of the reflex in the proportion in which they are brought 
into the direct response. 

In another form of the experiment, the reflex is produced by an alpha 
volley as before, and a second volley is employed to produce the blockade. 
If the blocking volley is made up of only alpha impulses, it is unable to block 
the second component of the reflex, even when placed directly ahead of the 
oncoming discharge (Fig. 7c); but if it contains the delta elevation (Fig. 7d) 
the second component of the reflex is blocked. 


s*ph./ 6*ph. 



Fig. 7. Blocking effect of delta fibers. All stimuli 
■ ¥ ■■■r; ■ C : 

: i. , , .. s . . . : 

volley interpolated during the second wave of "the 
reflex. The delta wave in the reflex is unaffected, d, 
as a, but with a second afferent volley including 
delta fibers interpolated during the second wave of 
the reflex. The delta fiber discharge is again 
blocked. 


The number of fibers in the dorsal roots participating in the reflex is large. 
A preliminary estimate of the number involved was made in the following 
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manner. A saphenous to saphenous reflex was recorded so that the area of 
the action potentials of the afferent volley and of the reflex discharge could be 
measured. The size of the afferent volley was adjusted so that all the alpha 
fibers in the nerve were active, in the manner of the experiment recorded in 
Fig. lb. The area of the action potential of the volley thus represented all 
the alpha fibers in the nerve and served as a suitable reference value with 
which the first component of the reflex discharge (that has just been shown 
to be carried exclusively in alpha fibers) could be compared. 

The area of the reflex is 65 per cent of the area of the spike (inclusive of 
the after-potential), but this ratio cannot be taken to represent the propor- 
tion of the fibers in the reflex because of the possibility of repetition within 

individual fibers. The duration of the 
potential is 8 msec. Therefore, if repeti- 
tion is taking place, it must occur at fre- 
quencies higher than 125 per sec. In the 
absence of frequencies higher than this 
figure, 65 per cent would represent the 
proportion of the fibers involved in the 
reflex. If higher frequencies occur, they 
could hardly be expected to be faster 
than 300 per sec.; that is, one would 
hardly expect repetition within the com- 
pass of the first peak of the reflex po- 
tential. 2 The area of the first peak is 35 
per cent of the spike area. Thus an esti- 
mate that 35 per cent of the alpha fibers 
are accessible to reflex occupation would 
be a conservative one, particularly in 
view of the fact that there is no reason 
to believe that all the alpha fibers po- 
tentially available for reflex activity are 
involved in this particular reflex. 

It would be interesting to know 
whether all the fibers mediate sensory 
impulses and reflex discharges, or whether some of the fibers are reserved for 
the latter function only. An answer to this question cannot be given at the 
present time. All that can be said is that if there are non-sensory fibers in 
the dorsal roots, they are numerous and distributed over a wide range of 
velocities. 

Reflex time. The reflex time is best studied on roots, as little correction is 
necessary for conduction in the nerve fibers. A special electrode holder was 
constructed to clamp on to the vertebra adjacent to the root. It carried a pair 
of hook-shaped silver electrode wires, which could be adjusted to the proper 
position for picking up the potentials from the root by means of a three- 
dimensional slide arrangement operating with keystones and spindles. When 

1 The experiments mentioned in the footnote on page 379 confirm this expectation. 



Fig. 8. Reflex time of the dorsal root 
reflex. Stimulus on sciatic nerve. Cat 
under dial, a, potential on the surface 
of the spinal cord near entrance of the 
dorsal roots in L 6 against an average 
lead outside the spinal coid. The first 
downward deflection represents the in- 
coming impulses in the sciatic nerve 
fibers, b, simultaneous lead from dorsal 
root in L 6 about 10 mm. distal from 
root entrance. 
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m operation, mechanical disturbance of the roots was minimized, even when 
large reflex movements took place during the observations 

A homolateral reflex in the sixth lumbar root produced by a shock applied 
to the sciatic nerve is shown m Fig 8, along with a simultaneous record of 
the potential m the spinal cord The first deflection downward marks the 
arrival of the afferent impulses at the cord 
The large deflection upward is the negative 
part of the cord potential (Gasser and 
Graham) The reflex starts 4 2 msec after a 
the arrival of the impulses When corrected 
by 0 2 msec for the conduction time in the 
nerve fibers, a figure of 4 0 msec is ob 
tamed for the total synaptic delay in the “ 
cord This, of course, is the minimal reflex 
time Other impulses continue to be dis- 
charged for the next 20 msec The minimal 
reflex time is the same, whether it is pro- 
duced by a weak or a strong afferent volley c 
and is remarkably constant from prepara- 
tion to preparation, the variation bemg less 
than 1 msec 

The synaptic delay m a contralateral ^ 
reflex is only slightly longer than m the 
homolateral reflex Fig 3b shows an addi- 
tional delay of 1 5 msec in comparison 
with 3a, and for 3c the additional delay is 



even less This interval is long enough, 
however, on the basis of the unpublished 
studies of Toenmes on the synapse time in 
the spinal cord, which gave values of 0 55 
to 0 8 msec , to allow for the passage of one 
or two synapses m addition to the number 
involved in the homolateral reflex In the 




latter there is sufficient time for traversing 
5 to 6 synapses 

Reflex summation Like motor reflexes, 
the reflexes over the dorsal roots may be 
summed and facilitated or inhibited Fig 9 
shows how, as stimulation of one sensory 
nerve is added to another, the size of the 
reflex discharge into the saphenous nerve 
becomes augmented Stimulation of the 
tibial and peroneal nerves produces a 
greater effect than stimulation of either 


Fig 9 Summation from simul 
taneous stimulation of the tibialis, 
peroneal, and saphenous nerves All 
leads from the homolateral saphenous 
nerve Decerebrated cat a, stimula 
tion of the tibialis nerve at maximal 
alpha strength b, stimulation of the 
peroneal nerve at maximal alpha 
strength c, simultaneous stimulation 
of a and b d, weak stimulation of the 
saphenous nerve e, simultaneous 
stimulation of a, b, and d 


nerve alone, and the combined effect is further increased if a small afferent 


volley from the saphenous nerve itself is added to the total The increase in 
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the reflex might be brought about through occupation of more pathways in 
parallel or through summation of excitation at the synapses because of activity 
in adjacent endings occasioned by convergence of impulses from the several 
sources. Or it might be brought about by a combination of these two possi- 
bilities, or by the two overbalancing a certain amount of inhibition. It is 
impossible to know from inspection of the records how the effect is constituted. 
However, it is possible to show that facilitation by appropriately timed con- 
vergent impulses can take place; and also that the reflex may be inhibited. 

In order to demonstrate facilitation it is necessary to show that the effect 


sciatic n./' 
dorsal foot 


•root / root 

Wi 


./Jonblnea 




V.’ 


of two simultaneous volleys is greater than the sum of the effects of the two 

volleys in isolation. This condition is met 
. in Fig. 10, in which a dorsal root to dorsal 

A t f v\, ' root reflex is facilitated by stimulation of 

V* * \ u , the sciatic nerve. Owing to the longer 

^ conduction distance in the sciatic nerve, 
the first impulses in the volley from this 
source arrive at the spinal cord 1.2 msec. 

■, « later than the afferent impulses from the 

\ root. As the reflex time is the same in the 

two instances, the root to root reflex 
starts earlier than the sciatic to root re- 
- flex. When the two sources of the afferent 

\ volleys are stimulated simultaneously, it 

' ^ is now seen that in the period during 

w , which the root to root reflex antecedes the 

' 'Aa\ n sciatic nerve to root reflex, the activity 
^ in the spinal cord attributable to the im- 
( A A A a A ■> * * • pulses from the sciatic nerve is able to in- 
crease the reflex discharge of root origin 
Fig. 10. Facilitation of a reflex dis- tQ g j ze over anc J above what it would 
charge into a dorsal root (L 7). Cat . , 

under dial, a, stimulation of the sciatic otherwise be. 

nerve, b, stimulation of the dorsal root Inhibition. When two afferent volleys 
itself. The first impulses arrive at the are separa ted by a short time interval, 

S “ the res ex produced by the second or test- 

c, a and b combined. The vertical white ing volley is inhibited by the activity en 
line marks the time of the first reflex su j ns upon the first or conditioning vol- 
discharge when the sciatic nerve is “.-T . offnet of 

stimulated. Ahead of this line, the com- ley. Fig. 11 shows the inhibitory ettect 01 

bined reflex is clearly facilitated. a stimulating shock to the tibial nerve 4 

msec, ahead of a shock to the saphenous 
nerve, when the reflex into the saphenous nerve is under observation. The 
tibial nerve, itself producing only a small reflex, through its central effec 
is able to bring about a material reduction in the reflex from the saphenous 
nerve. The conditioning is most obvious in connection with the delta wave. 
Although the tibial nerve is unable to excite reflexly any of the delta ers 
of the saphenous nerve, it is able to inhibit completely the reflex excl Ion 
of these fibers from the saphenous nerve itself. Some of the central pa ways 


i a n i\ ,« 1 ' ' ' • 

Fig. 10. Facilitation of a reflex dis- 
charge into a dorsal root (L 7). Cat 
under dial, a, stimulation of the sciatic 
nerve, b, stimulation of the dorsal root 
itself. The first impulses arrive at the 
spinal cord 1.2 msec, earlier than the 
first impulses from the sciatic nerve, 
c, a and b combined. The vertical white 
line marks the time of the first reflex 
discharge when the sciatic nerve is 
stimulated. Ahead of this line, the com- 
bined reflex is clearly facilitated. 
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necessary for the reflex must be accessible to tibial excitation and be condi- 
tioned thereby in such a way as to make them for the time being unavailable 
for participation in the reflex. 

It was shown by Gasser and Graham that when a single afferent volley 
arrives at the spinal cord, there is set up in the internuncial neurons a poten- 
tial which is characterized by an initial negative period, lasting about 20 
msec., followed by a positive potential lasting over 100 msec. During the 
negative period a discharge of impulses occurs into the sciatic nerve (Hughes 
and Gasser 1934). A cord potential of this sort is shown in Fig. 12, and during 
the negative period it can be seen that a 

discharge likewise takes place into a dorsal • Mp h„ ou „ 

root. 0 to aophenous 

Hughes and Gasser also showed that as 
long as the cord potential conditioned by ‘ 

one afferent volley persists, the response to f 

a second volley is inhibited, both in the 
internuncial neurons and the ventral root «| 


reflex, and that the inhibition is greatest at 
the start and declines over a period of a 
second. The relationships of the dorsal root 
reflexes follow in every way those of the 
ventral root. 

When the reflexes are produced in a 
dorsal root by two alpha volleys from the 
sciatic nerve, a reflex response to the sec- 
ond volley takes place only when the latter 
arrives after the completion of the dis- 
charge produced by the first volley, i.e., 
after 10-20 msec. Recovery is slow at first. 
In Fig. 12 the response in the root 50 msec, 
after the conditioning volley is only 15 per 
cent of the unconditioned response. Later 
the rate of recovery accelerates. At 100 
msec, it is 50 per cent, and at 300 msec. 90 
per cent. Then the recovery is more gradual 
and more than a second is needed for its 
completion. As in the ventral root reflex, 
the course of the recovery follows tempo- 
rally that of the internuncial neurons and 
must be directly dependent upon it. As a 
whole, the negative cord potential recovers 


a 


b 


c 

d 


Fig. 11. Inhibition of a saphenous 
to saphenous reflex by stimulation of 
the homolateral tibial nerve 4 msec, 
earlier than the stimulation of the 
saphenous nerve, a, stimulation of the 
saphenous nerve itself, b, stimulation 
of the tibialis nerve, c, a and b com* 
bined. Note the reduction of the alpha 
group and the elimination of the delta 
group. 



more rapidly than does the reflex, but it must be remembered that the reflex 


is several neurons removed from the primary neurons, while the potentials in 
the cord include those in first and second order neurons. The portion of the 
cord potential that is attributable to higher order neurons does not recover 
faster than the reflex. 
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When the reflex in the saphenous nerve is in response to tetanic stimula- 
tion of the homolateral sciatic nerve, all the components after the first one 
are reduced by an amount related to the frequency of the tetanus. Fig. 13 
shows the reduction at frequencies of 5 and 12 per sec. As the tetanus 

proceeds, the discharges tend to decline pro- 
pessively, that is, conditioning, or inhibition, 
is cumulative. At low frequencies the decline 
is small and the successive components tend 
to arrive at a steady state. But at higher fre- 
quencies the decline is rapid and the discharge 
takes on the form of a typical "jet” reflex. 



L dorsal root 


Discussion 




Fig. 12. Simultaneous records 
of the spinal cord potentials and a 
dorsal root reflex, showing inhibi- 
tion of the response to an afferent 
volley by a response preceding it 
by 50 msec. Refractoriness of the 
reflex activity related to the spinal 
cord potentials. Two shocks of 
equal strength, maximal for alpha, 
were applied to the sciatic nerve. 
Decerebrated cat. a, potential at 
the dorsal surface of the spinal 
cord at L 6 against surface of cord 
at L 4. b, lead made simultaneously 
from a strand of the sixth lumbar 
dorsal root. 


Reflex discharges over the dorsal roots 
were originally described by Gotch and 
Horsley in 1891. With the slow galvanometers 
then available they demonstrated reflexly ex- 
cited activity in dorsal roots after the connec- 
tion with the ganglion had been severed, and 
in the sciatic nerve after all the ventral roots 
had been cut. Their conclusion, which we 
must now admit to be correct, was that 
"when a spinal center is thrown into activity, 
a portion of its energy flows as a discharge 
backwards down the posterior roots as well as 
forwards down the efferent fibers of the an- 
terior roots and upwards and outwards along 
internuncial fibers to the next center.” But 
their observation passed unheeded, probably 
because it stood in opposition to the strongly entrenched law of Bell and 
Magendie. 

Rediscovery of the discharges was 
made by Matthews in 1934, .and a more 
complete description was given in a ' 

paper with Barron in 1935. It was recog- 
nized that impulses emerge over the 
dorsal roots in large numbers; but in 
the interpretation of the phenomenon 
an explanation was put forward for the 
majority of the impulses which did not 
involve their participation in a reflex. 

The discharges in the larger fibers were 
divided into two types: secondary or re- 
layed discharges from cells within the 
spinal cord (type c), and antidromic 
sensory discharges (type b ). The type c 




Fig. 13. Response to slow tetaniza- 
tion. Decerebrated cat. Stimulation of 
the sciatic nerve, lead from the homo- 
lateral saphenous nerve, a, 12 stimuli 
per sec. b, 4.5 stimuli per see. c, time m 
0.1 and 0.5 sec. intervals. 


REFLEX DISCHARGE FROM THE SPINAL CORD 389 

discharges were conceived as having full reflex character. They could be evoked 
or modified by impulses from widely separated sensory fields on the same or 
the opposite side of the body, such as the impulses arising from movements of 
the limbs or head. On the other hand, the major group, or type h, was con- 
ceived as occurring in fibers that were emerging as a continuation of sensory 
fibers which had entered the cord through some other root on the same side 
("recurrent” fibers). Impulses could be excited in these fibers only from highly 
restricted areas. 

In the course of our observations we have searched for impulses that could 
be interpreted as being of the recurrent type. The velocities involved are so 
rapid that impulses entering one root should appear in even quite distant roots 
within X msec. For adjacent roots the time would be a small fraction of a 
millisecond. But no recurrent impulses have been found. The main discharge, 
which is a large one, starts regularly after 4+msec. (Figs. 3, 8, and 10a), and 
even if the amplification is increased up to the noise level, no impulses can be 
identified as leaving within the first millisecond. Thus the repeated discharges 
of constant height that are conducted in the centrifugal direction but are 
not subject to reflex control, which were described by Matthews and which 
we also have observed in certain preparations, can in our opinion hardly be 
taking place in recurrent fibers. 

The location of the cell bodies from which the fibers involved in the reflex 
originate cannot be settled by physiological experiment. The evidence must 
come from histological observation. Hinsey has reviewed the findings and 
has also performed new experiments of his own. The best supported interpre- 
tation appears to be that the fibers arise from cells in the dorsal root ganglia. 
Since the appearance of Hinsey’s review, the subject has been reexamined 
by Young and Zuckerman. They find a few fibers smaller than 3u undegen- 
erated after removal of the ganglion, but they consider that the possibility 
exists that the fibers may have regenerated from the ventral roots. In any 
case, as they found no large fibers and as the reflex involves the largest fibers 
in the roots, it must be considered as occurring in fibers having their origins 
in the dorsal root ganglia. The conclusion seems to be inescapable that fibers 
from the dorsal root ganglia make central synaptic connections with inter- 
nuncial neurons of the cord in such a way that they can be reflexly excited 
with a resulting discharge of impulses toward the periphery of the body. The 
question whether or not the fibers which carry these impulses are identical 
with the fibers carrying the sensory impulses toward the cord has not yet 
been answered by direct experimental evidence. 

Summary 

1. A description is given of the properties of the reflex discharge which 
takes place over the spinal dorsal roots of the cat, following stimulation of 
sensory nerves. Observations were made on the saphenous nerve or on the 
lumbar roots following stimulation of homolateral or contralateral lumbar 
roots or sensory nerves of the hind limb. 

2. The homolateral reflex produced by a single afferent volley is charac- 
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terized by an action potential that rises to a peak in 1-2 msec., then declines 
along a curve which shows two to three secondary crests at intervals of 2.5- 
3.5 msec. Alpha fibers are involved exclusively in this part of the reflex. 

3. When a reflex is produced in the saphenous nerve by a volley of alpha 
impulses from the saphenous nerve itself, the first reflex wave is followed by 
a second wave which is separated from it and is carried in delta fibers. 

4. The contralateral reflex produced by a single afferent volley is much 
smaller than the homolateral reflex, but it lasts longer. It starts out gradually 
and comes to a maximum only after 6-20 msec. 

5. The reduced reflex time of the first discharges in the homolateral dorsal 
root reflex is 4-j-msec., and is independent of the strength of the exciting 
volley. In the contralateral reflex the reflex time is as much as 1.5 msec, longer. 

6. The reflex produced by an afferent volley can be conditioned by a 
second appropriately timed afferent volley in the same or another nerve. 
Summation, facilitation, and inhibition can be demonstrated. 

7. A calculation is given indicating that at least 35 per cent of the alpha 
fibers in the saphenous nerve are accessible to reflex activation. 
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The functioning of the optic pathway of the cat has been studied by the 
methods previously employed on the rabbit (Bartley and Bishop, 1933, a 
& b), namely, by recording the electrical responses of its different elements 
following single and repetitive shocks apphed to the optic nerve The records 
of this activity show more specific detail than m the rabbit, presumably a 
correlate of more specific lamellar differentiation in the cortex of the cat 
Magnesium sulphate, 0 25 g/K or less, has proved a suitable anaesthetic, with 
ether administered during operation Positions of all electrodes were checked 
in 20-fi histological sections of the experimental material, and corresponding 
material is being further studied m Golgi and Golgi-Cox preparations 
Three aspects of cortical relations need to be known for an adequate 
analysis of the functioning of this cortex as a neural mechanism Of these, 
the anatomical courses of the connections of the striate area with other parts 
of the nervous system have been the most extensively studied The histo- 
logical or synaptic, relationships of the neurons to each other m cell masses 
such as the geniculate body or the cortex are not so well understood, even to 
the degree to which neurons themselves have been described The time se- 
quences of the responses of such complicated masses of neurons are no less 
significant, and it is this temporal aspect of function which is most approach- 
able by present physiological technique We report here, therefore, on certain 
time relations of the responses of the various neurons of the optic pathway 
following specific stimulation of the optic nerve, in the hope that this will 
assist m the interpretation ot the relationships of cells in the cortex as revealed 
by histological methods, as well as in the elucidation of the functional ma- 
chinery by which a visual impulse traverses the nervous system Finally, m 
order that the neurons responsible for the observed activity can be identified 
m the histological picture, the polarity of the response as recorded m different 
regions is a significant datum 

The Cortical Record of Response to a Single Stimulus 
The total response recorded from needle electrodes, one deeper than the 
other in the cortex, can be differentiated into three concurrent senes of events 
(Fig 1) The first is a succession of short waves of the dimensions of axon 
spikes, each of one thousandth second duration, and occurring at intervals 
of approximately one and a half thousandth second The first of these spikes 

’ Conducted under a grant from the Rockefeller Foundation for research in neuro 
physiology 
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Fig. 1. (See opposite page for explanation.) 
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signalizes the response of the axons of the afferent radiation. The second spike 
is confined to the cortex, and presumably represents the spread of the im- 
pulse through units corresponding to intercalary neurons of the cord. The 
third can be recorded from well below the cortex, and appears to represent 
a corticifugal discharge to other regions, the superior colliculus in particular. 
It is therefore assignable to pyramid or other cells whose axons leave the 
cortex. In some records, several more such spikes follow the third as a dec- 
rementing series, but the first three are always recorded. Whether the later 
spikes represent repetitive responses of the same elements, or the successive 
responses of a series, has not been determined. 

These spikes were not noticed previously in the responses of the rabbit 
cortex (Bishop and O’Leary, 1936), but with improvement in technique of 
recording they can now be seen, though they are much less prominent than 
in the cat. 

The second series of events is recorded as a diphasic or triphasic wave, 
each phase of 5 to 10 milliseconds duration, which cannot be resolved in our 
records into elements of the dimensions of axon spikes. This does not neces- 
sarily mean that they do not consist of temporal dispersions of such spikes, 
similar, for instance, to the post-ganglionic responses of the cervical sym- 
pathetic after stimulation of its pre-ganglionic nerve (Bishop and Heinbecker, 
1932). The first wave of this series usually rises very precisely with the 
second spike of the former series, that is, it follows the first or afferent radia- 
tion wave by the same interval. The later spikes are then written upon this 
wave as a base line, and the spike series may extend over into the second 
wave. The two series may be readily differentiated. In certain leads this first 


Fig 1 Responses of the optic cortex of the cat to single optic nerve stimuli A, 
electrodes placed as m B, deflection up surface-positive 1-2, surface of gyrus lateralis 
to lower margin of superficial pyramids 2-3, lower margin of superficial pyramids to middle 
of superficial pyramid layer above it 3-4, middle superficial pyramids to surface of corpus 
callosum 100 mm /mv reduced i 1-4 surface to deep needle at | amplification of previous 
records Note that for record 2-3 the first electrode was accidentally placed deeper than 
the second, reversing the direction of the deflections, which are thus still surface-positive, 
with amplitudes in general proportional to distance between electrodes An exception is 
that the first spike is higher m the deeper leads Note also different forms of slower waves 
at different levels, contributing to the composite record 1-4 from the whole cortex In the 
last two records the late downward deflection is the start of the slow negative wave of the 
alpha senes Lowest record, time from 5ms fork All records in this and following figures 
are photographed directly on 60 mm bromide recording paper with reduction of the 
oscillographic trace X$ 

C Similar to A, electrodes as in D. 1-2, surface gyrus lateralis to deep pyramids 2-3, 
deep pyramids to bottom of VI layer 3-4, bottom of VI to VI layer of gyrus; formeatus 
1-4, surface to deep needle First and fourth records, 100 mm /mv X h second and thud, 
twice this Last record, time from 5ms fork Note relatively slight development of 1st 
spike in upper leads, of 3rd spike m middle The effective reversal of the 2nd and 3rd 
spikes and slower waves in the lower leads, which were apparently across white matter, 
may be spunous, representing effective pickup from adjacent cortex dipping into sulci 
Further, it is probable that needles thrust into the cortex spnng back from their initial 
position, so that the needle point d- - - ’ , trace found in the 

sections Less than 1 mm of the . - * / ■ nd the needles are 

thrust in as nearly parallel to the « 
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wave is absent, or occurs later, but the spike series is present; and under 
repetitive stimulation, at the proper degree of anaesthesia, these slower 
waves following the second of two closely timed shocks may fail to appear, 
leaving the series of spikes inscribed on a flat base line with the same ampli- 
tude as they had previously. 

The different phases of this series of slower waves represent responses of 
different elements, not diphasic responses of the same elements. The first two 
phases can be differentiated by procedures similar to the one mentioned above, 
that is, under repetitive stimulation the second element may drop out, and 
the second wave can normally be recorded below the cortex without the 
first, when both appear at the cortical level. This sequence of waves in the 
cat is quite similar to a sequence recorded from the rabbit cortex. The third 
series consists of still slower waves, which also correspond closely to a series 
in the rabbit. They have the dimensions of the spontaneous alpha waves, may 
be repetitive after a single stimulus with the frequency of the cat alpha 
rhythm, and show the same facilitation for a second stimulus as reported for 
the rabbit. They undoubtedly represent the response to stimulation of the 
same alpha mechanism which may also respond "spontaneously” in varying 
degree without specific stimulation of the optic tract. This mechanism, 
therefore, has at least a double mode of activation, and other evidence in- 
dicates that it is played upon by a variety of pathways. 

This system of responses is the nearest to a series of volleys that can be 
conveniently obtained from the cortex; that is, elements of like properties 
are responding with the maximum synchronization. Stimulation of the retina 
by light results in temporal dispersion of like elements, due to repetitive and 
asynchronous responses of optic nerve fibers to even a weak stimulus (Bartley, 
1934; Hartline, 1938). Cortical responses so obtained, therefore, do not show 
details specific enough to afford more than a rough comparison with the 
sequelae of single shocks to the optic nerve. We suppose, however, that the 
same sequence of events occurs following the activation of a given optic nerve 
fiber by either means, with the obvious possibility that fibers in the nerve of 
different visual significance may activate different types of responses in the 
cortex. 


Relations of Optic Tract to Cortex 

It is found in both rabbit and cat that the cortical responses are maximal 
following a stimulus less than maximal for all the fibers of the optic nerve. 
That is, the smaller fibers of the nerve do not contribute to the activation of 
the cortex. In preparations with lateral geniculate exposed, the lateral and 
suprasylvian gyri of the cortex remaining intact, the responses recorded 
from the gyrus lateralis are as near as we can see quite normal. In such 
preparations the conduction of impulses through the geniculate and superior 
colliculus has been recorded. The interpretation of these records is compli- 
cated by the fact that the active elements are embedded in the electrolytically 
conducting mass of the brain, and leads horn any part of this mass may pick 
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up stray currents from the optic tract, as leads from the body surface record 
the electrocardiogram. Analysis of such records 'will be reported later, but 
some of the more concrete results are pertinent here. 

Records from the optic tract of the cat, as from that of the rabbit (Bishop, 
1933), show two main well-separated waves, followed by a decrementing 
tail of potential. The first wave propagates at about 60 m.p.s., the second at 
25, and there is no potential in the C region. The cortical response rises to a 
maximum as the strength of stimulus is increased sufficiently to elicit a maxi- 
mal first wave (Figs. 2 and 3), and within the limits of variation of amplitude 
of the cortical response as activated at different instants, the second nerve 
potential is followed by no material change in the cortical record, either of 
amplitude or of configuration. This calls for a correction of a previous indirect 
inference to the opposite effect (Bishop, 1933, p. 472). Gudden (1886) 
states that the large fibers of the optic tract terminate in the lateral geniculate, 
the smaller fibers passing toward the tectum (quoted from Barris, Ingram and 
Ranson, 1935). Examination of osmicated sections of the tract at the level 
of bifurcation into superficial and deep rami just distal to the dorsal nucleus 
shows qualitatively that most of the superficial bundle consists of small 
fibers, while the deep bundle contains most of the large ones, and the latter 
fibers in general turn toward the nucleus. More conclusive evidence is that 
no post-ganglionic second wave can be recorded from leads, one in the white 
matter just below the cortex, and one on the cortical surface, while the post- 
ganglionic first wave is well represented there (Fig. 2). Further, the second 
wave can be recorded from the tract passing to the colliculus without synaps- 
ing, together with a low first wave. 

From these observations we conclude that the division of the optic tract 
fibers into two size groups, as indicated by two discrete potential waves, 
represents a functional division, as has proved true for other nerves; and that 
allowing for a slight overlap between the smaller fibers of the large-fiber 
group and the larger fibers of the small-fiber group, such as usually occurs 
between adjacent groups, the optic cortex is activated only by the group of 
fibers of lower threshold and larger size. There are probably five times more 
fibers in the slower conducting group than in the faster. These findings do 
not compromise Barris, Ingram and Ranson’s (1935) observation that in- 
dividual fibers divide with branches to both the geniculate and tectal tract, 
but raise a question concerning the function of the "very small fibers,” some 
of which they observed did so. However, they make no specific statement of 
the actual size of such fibers. The division into the two waves as recorded 
should fall at a fiber size of perhaps 5p or less in outside diameter, with a 
possibility of overlap of the first group to a smaller size. 

Temporal Relations and Polarity of Responses 

Optic tract and radiation. Conduction in fibers of the optic tract at 60 to 
30 m.p.s. requires 0,5 to 1.0 m.s. to the geniculate nucleus. The first wave of 
the optic tract at this region (Fig. 3) has a duration of not over 1 m.s., of 
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which approximately 0.5 m.s. is assignable to temporal dispersion through 
conduction. This leaves about 0.5 m.s. for the duration of the axon responses, 
which is of the same order as that for peripheral mammalian nerve. This 
figure is approximate because the necessity of leading from a structure em- 
bedded in a conducting medium compromises the precise interpretation of 
wave form (Bishop, 1937). The interval between the start of this first wave in 




Fig. 2. Relation tract to cortex. Left column, upper, time from 5 m.s. fork; middle, 
1st wave maximal led from optic tract; lower, 1st and 2nd waves. Right column, cortical 
records; electrodes, one on surface of gyrus lateralis, one in white matter of radiation 
just above ventricle under gyrus suprasylvius. Upper, stimulus strength such that first 
wave of tract is § maximal; middle, 1st wave maximal; lower, 2nd wave maximal. Stimuli 
are galvanic currents about 0.5 m.s. duration. The first cortical spike due to the afferent 
radiation is diphasic, the deep lead becoming negative first. Its later occurrence in the 
upper record results from the start of the impulse only at the end of the galvanic current 
with a weak stimulus. In the lower record this first spike is distorted by stimulus artefact. 
There is no significant increase of the cortical record with the increase of stimulus above 
the maximum for the first wave of the optic tract. For this and the following figure the 
lateral geniculate and part of the optic tract were exposed by removal of cortex, leaving 
the gyri lateralis and suprasylvius intact. 

the nerve near the geniculate and the start of the post-ganglionic wave in the 
radiation is 0.6 to 0.7 m.s., with perhaps 0,1 m.s assignable to conduction. 
The synapse time is therefore of the order of 0.5 m.s., which agrees with that 
(0.5 to 1.4) reported by Lorente de No (1935a) for the oculomotor nucleus. 
The duration of the post-ganglionic spike recorded from the cortex or from 
the radiation is again less than 1 m.s., that is, there is remarkably little tem- 
poral dispersion through the geniculate synapses. The time of arrival of the 
afferent radiation impulse at the cortex is from 1.5 to 1.8 m.s. in different 
preparations, under very light anaesthesia, after the start of a maximal 
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stimulus. No repetitive responses are observed from the tract or radiation 
after single stimuli to the nerve at just maximal strength. 

Spike series of cortex. From two leads vertically spaced in the cortex, the 
afferent spike is recorded at any depth except from the most superficial 
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Fig 3 Relation optic tract to cortex Left column, 1st wave in optic tract just 
maximal, right, 2nd wave maximal Upper, leads from optic tract near geniculate nucleus, 
and brain stem The double form of the wave is due to an effective double lead, the edge 
of the wound exposing the tract distal to the geniculate acting as a virtual lead to give the 
first hump 2nd row, L , one electrode into dorsal nucleus of lateral geniculate, the other 
along optic tract near edge of wound Up deflection, negativity in tract, downward, nega- 
tivity m post-ganghomc radiation R , the 2nd wave of the tract appears just behind the 
radiation wave 3rd row, L , leads from surface of cortex to below radiation A small tract 
first wave is recorded diphasically, the first cortical spike is the low elevation at the posi- 
tion of the radiation response in the record above, followed by two more spikes and the 
crest of the slower wave R , time 5ms 4th row, leads from surface of cortex to geniculate 
L , first wave of tract recorded downward, radiation response upward as exaggerated first 
cortical spike R , the second wave of the tract fills the gap between first two cortical spikes 
at x The top row, 50 mm /mv , 2nd, 100 mm /mv , rest, 200 mm /mv , Xj 

layers (Figs 1 and 3), and the deeper of two electrodes is always negative to 
the more superficial. This js presumably because between any two electrodes 
so placed, exogenous fibers end at cortical synapses, and thus more fibers pass 
the lower of two electrodes than the upper. This is not true of the second spike. 



398 


G. H. BISHOP AND JAMES O’LEARY 


which may be either diphasic or virtually monophasic in either direction. 
The interpretation of this finding is reserved until the histology of these 
preparations has been studied in more detail, but the fact serves to differen- 
tiate this spike from the subsequent ones, which are uniformly surface- 
positive. This difference might be correlated with the fact that cells of certain 
types have processes oriented in random directions with respect to the 
cortical strata, while others such as the pyramids are oriented vertically. 

The fact that the third and following spikes are surface-positive, that is, 
that the lower of two electrodes is rendered negative, at any depth in the cortex, 
presumably means that more elements are active at the lower levels. This 
might signify that more of the neurons responsible for these spike discharges 
lie in the lower strata, but more probably means that a greater number of 
axons of such cells pass the lower of two electrodes, by the number that 
originate between them. In this sense the polarity of the record does not in- 
dicate the direction of conduction, nor does it measure the magnitude of the 
response at one electrode region, but is rather an index of the histological 
organization of the cortical neurons. For instance, a uniform distribution of 
active cells throughout the cortex with axons leaving via the white matter 
should cause by their simultaneous discharge a progressively increasing nega- 
tivity from surface to deep layers. This same distribution of potential should 
also result from axons entering via the white matter with endings uniformly 
distributed upwards, but with conduction in the reverse direction from the 
above. 

The passage of the geniculate synapse occupies 0.5 m.s.; the longer interval 
between spikes at the cortical level (1.5 m.s. from start to start) might indicate 
a longer synaptic delay, or it might involve passage of two or more synapses. 
If the latter, we have no evidence whatever of the responses of the neurons 
involved, the intervals between the spikes being free from recordable po- 
tentials. Interpreted literally, this sequence involves the responses of three- 
neuron chains, consisting of, first, the afferent neuron with cell body in the 
geniculate, second, an ''internuncial” neuron whose axon does not leave the 
cortex, and third, a pyramidal neuron whose axon leaves via the white 
matter. In certain records we have observed a spike recorded from the region 
of the superior colliculus at the time of the third spike of the cortex (Fig. 4), 
followed, at the colliculus level, but not in the cortex, by a further series of 
similar spikes. From this we infer activation of the colliculus via the cortex 
by this spike sequence. In other records a further sequence of spikes at the 
cortical level may represent repetitive discharges of cortical neurons, but we 
have not yet traced such discharges beyond the cortex. 

This interpretation leaves no place for "self-reexciting chains” of neurons 
(Lorente de No, 1935b) in this particular cortical sequence. There is, however, 
a suggestion to be made about the function of the multiple connections of 
the cell networks observable in histological pictures of the cortex. 1 he series 
of spikes is remarkable in that the spikes do not become progressively longer 
in duration as the impulses traverse successive neurons, that is, the paralle 
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discharges in each hank remain in striking synchronization with each other. 
This should be the result if more than one fiber-impulse were required to fire 
the next neuron, that is, if summation were necessary. One impulse would 
then have to wait for reinforcement by a second, and since no repetitive 







Fic. 4 . Relation cortical spikes to colliculus. Upper row, L., two waves recorded 
from tract and brainstem leads. R., one electrode in tract, one at anterior margin of su- 
perior colliculus 1 to 2 mm. below surfac*’ ° — t. . •• ] ■ * i « ■ ' ■■ ' *. .■ ’ 

colliculus. The wave marked is a recor ! « ’ • :*'• !-:..**■ 

first and second waves of record above •*. , ' ■ ■■ ■ ‘ '■ 

Only stimulus artefact in earlier position than wave of previous record. 3rd row, L., sur- 
face of cortex to white matter below. Three spikes and crest of positive wave. R., surface 
of cortex to colliculus. Three positive spikes from cortex followed by a series of negative 
spikes from colliculus as recorded in record above. Note that the largest colliculus spike 
falls at approximately the same time as the last cortical spike, the following spikes being 
of opposite sign in the record corresponding to the "diphasic” lead. Also, that the second 
phase of the cortical slower-wave senes is represented in the colliculus response. Lower, L., 
time in 5 m.s. R., same record as directly above it X 1 amplification. All stimuli maximal 
for 2nd tract wave. 

responses are in evidence, it might have to wait for a response from a parallel 
neuron which fired somewhat later in the volley. The first neurons active, 
then, should be unable in general to activate the successive bank of cells until 
later ones reinforced them, which would thereby prolong the recorded synapse 
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time and by the same process tend to resynchronize the volley. The multiple 
connections observed histologically, especially involving certain of the cells 
with short axis cylinders, might be the means by which such resynchronization 
was accomplished, as suggested elsewhere from histological considerations 
(O’Leary and Bishop, 1938). 

Perhaps significant in this connection is the effect of increasing depth of 
anaesthesia, or of rapidly repeated stimulation, upon the cortical responses 



Fig. 5. Effect of ether on cortical record. Left column, leads across middle strata of 
optic cortex; middle column, across whole cortex, surface to white matter, gyrus lateralis, 
contralateral to optic nerve stimulated; right column, across whole depth of homolateral 
cortex. Top row, ether anaesthesia just sufficient to keep animal quiet. 2nd and 3rd rows, 
increasing ether, respiration still fair, eye wink sluggish. 4th row, recovery. The slow waves 
disappear before the spikes, the late spikes before the earlier, the afferent radiation (1st 
spike) only reduced to \ amplitude when everything else has been depressed. Time at top, 
5 m.s. fork. All records 20 mm./mv. on oscillograph, reduced to -) this in reproduction. The 
homolateral records are over 1 those of the contralateral cortex in amplitude. 

(Fig. 5). The result of either is to decrease the amplitude of later members of 
the series before the earlier, without materially altering the duration of the 
spikes. The last spike to disappear is that due to the afferent radiation, which 
is much more resistant than are the cortical neurons with longer apparent 
synapse time. Depressive influences in general should tend to increase synapse 
time and thence increase temporal dispersion in the volley (since different 
synapses will vary slightly in excitability). This would be expected to reduce 
the effectiveness of summation at the synapses, and thus tend to block them. 
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In such a situation given synapses which were essentially alike in excitability, 
their apparent "refractoriness” or "synaptic delay” might he a function in 
part of the temporal dispersion of impulses in functionally parallel pathways. 

Slower cortical waves. In the foregoing, it appears that if the cell bodies or 
dendrites of the cortical neurons under consideration give a recordable po- 
tential, such potential has the same order of time dimension as does the axon. 
The problem so far is not to account for the long duration of potentials, but 
for their brevity. With respect to the second series of potentials, the 5 to 
10 m.s. waves, their duration is more nearly what one might expect from post- 
synaptic axon spikes summed out of phase. The first, surface-positive wave 
is due to different elements from the second, as shown by various differential 
procedures; the second is in general half as long again as the first, as might be 
expected from temporal dispersion across synapses, even if differences in con- 
duction of axons can be ignored in the small distances involved. If, however, 
the duration of a 5 m.s. wave is to be assigned to dispersion of axon spikes 
across one bank of parallel synapses, such synapses must have quite different 
time characteristics from those involved in the spike series. Either they dis- 
charge repetitively to a single incoming impulse, or else in apparently co- 
ordinate pathways the synapse times may vary over a range of 1 to 5 m.s. 
Further, the second, surface-negative wave does not start until 5 m.s. or so 
after the start of the first; in other words, if only one synapse intervenes here 
also, the time for passage of this synapse must be of that order. This is a 
longer time than that involved in the slowest synapses of outlying ganglia, 
those between pre- and post-ganglionic C fibers. With only negative and 
circumstantial evidence to suggest it, one might look in this sequence of 
events for neuron chain responses, even for self-reexciting circuits. 

Such an explanation, rather than the inference of an essentially slow proc- 
ess in structures other than axons, is suggested by the fact that the second 
of these waves can be recorded below the cortex in regions occupied only by 
axons, with time and voltage dimensions of the same order as those found in 
the cortical wave. As a tentative interpretation, the first wave of this series 
may be assigned to neurons lying wholly within the cortex, like the second 
of the series of spikes, and seems to be activated, like the second spike process, 
immediately by the afferent radiation volley; but it may consist of temporally 
dispersed and successive, if not repetitive, discharges. The second wave may 
be assigned to elements whose axons leave the cortex, the temporally dis- 
persed discharges of which are recorded either at the cortical level or below 
it. The difficulty with this interpretation is that this second wave is generally 
surface-negative, indicating more active elements passing the upper electrode 
in the cortex than the lower. Since, however, there are many axons from all 
levels of the cortex which leave by the plexiform layer, or even which dis- 
charge over axon branches both upwards and downwards, the polarity of this 
second wave is not inconsistent with the histological picture. 

A third wave apparently belonging to this sequence, surface-positive, is 
usually low in amplitude and not always detectable. When the response is 
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depressed, either by anaesthesia or by repetitive stimulation, the later ele- 
ments fall out definitely before the earlier, and this whole slow-wave sequence 
decreases before the spike series is materially depressed. The third wave 
might signalize the further progress of the visual impulse through the cortex. 
These waves are recorded differently at different depths of the cortex, the 
first member of the series being often so low that it raises a question whether 
no activity is going on at a given region, or whether the activity is equivalent 
at each electrode; the latter being the obvious inference to be drawn from 
records at other levels. Further considerations of polarity and amplitude 
may be postponed pending histological study of the material. 

Alpha waves. The sequence of still slower waves, comprising the setting up 
by a single stimulus of a series of alpha waves, is essentially similar to that 
of the rabbit, which has been described elsewhere (Bartley, O’Leary, and 
Bishop, 1937). 


Discussion 

The foregoing attempt at description, rather than analysis, of cortical 
activity obviously fails to explain its functioning. The key to the desired 
explanation is the action of an impulse at a synapse, or rather, the action of 
complex patterns of impulses at synaptic networks. In view of the current 
plethora of hypotheses as to how the synapse operates, it will not be in- 
appropriate to enquire for a specific situation what this hypothetical action 
must accomplish. From our records of cortical responses, we infer that there 
is no single answer; but that certain synapses behave in one way and others 
in another. The synapses involved in the series of closely synchronized volleys 
represented by 1 m.s. spikes, for instance, are apparently not operating in the 
same manner as are those involved in the temporally dispersed waves. 
Whether such differences are to be referred to differences in temporal or other 
characteristics of individual synapses, or whether the differences are functions 
of the patterns of the nerve fiber connections between them, and thus of their 
interactions, our data do not indicate. From the variety of structure of neurons 
in the cortex, and the obvious complexity of their synaptic connections, one 
might infer that individual synapses should differ functionally, as well as 
that a wide variety of histological patterns should result in a variety of re- 
sponse patterns. At any rate, the problem of synaptic function should be 
recognized as involving two aspects: first, the question of how any impulse 
passes any synapse, and second, how an impulse arriving at one synapse on 
a neuron influences the passage of impulses over other synapses on the same 
neuron. The multiplicity of synapses on neurons in the cortex indicates the 
importance of this second aspect for cortical functioning. 

The cortical records following a single shock to the optic nerve are perhaps 
not to be interpreted as records of visual function, although they are obtaine 
from the visual mechanism. Unfortunately, records following the bnefes 
fight stimulus to the retina are too diffuse to permit of even such differentia- 
tion as single shock records exhibit. At best, the latter indicate merely how e 
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mechanisms involved can operate under severely simplified experimental 
conditions. In view of the probability noted above, that the pattern of im- 
pulses reaching the synaptic network is a determining factor in the response 
of such a network, it would be rash to infer correspondences between single 
shock records and sensory function, and the problem of vision is not the im- 
mediate concern of this study. We do not insist that a highly synchronized 
volley of impulses, from all the axons in the optic nerve, imposes upon the 
cortex the same pattern of response as does the highly integrated pattern of 
impulses from the intact retina which is involved in even the simplest turning 
on and off of a light; to say nothing of the implications of visual pattern and 
perception of movement. We are rather inclined to fall back upon the shop- 
worn analogy of the nervous system and the telephone exchange, in ac- 
cordance with which we may study the circuits involved, as circuits. It is, we 
believe, obvious that much information may be obtained concerning the way 
these circuits operate, and the nature of the connections involved, by treating 
the system as a system of mechanisms. This may even be an essential pre- 
liminary to understanding some of the gossip which the system proves 
capable of transmitting. 

Summary 

Responses of the optic cortex of the cat to single stimuli applied to the 
optic nerve consist of three overlapping series of potential waves differing 
in their time relations, and separable by simple differential procedures. 

The most rapid series consists of three or more spikes, of the order of 
duration of axon spikes, typically surface-positive. A slower series of two or 
three waves, the first surface-positive, the second negative, shows a duration 
of 5 to 10 m.s. for each wave. The still slower series has the dimensions and 
characteristics of the spontaneous alpha rhythm and presumably involves 
an activation of the alpha mechanism by the stimulus. 

Of the spikes, the first is definitely assignable to the afferent radiation, the 
second to a cortical neuron whose axons have not been recorded below the 
cortex. In this sense its neurons correspond to intercalary neurons of the cord. 
The third spike can be recorded below the cortex, and appears to activate a 
succession of elements in the superior colliculus. 

Comparison of the time relations of responses from the various levels of 
the optic pathway yields the following information. Of two well-defined waves 
in the optic tract showing different conduction rates and thresholds, only the 
faster is associated with a cortical response, the slower propagating past the 
geniculate to the superior colliculus without a synapse. The synapse time of 
the impulse at the geniculate level is of the order of 0.5 m.s. The time lost 
at the synapse between afferent radiation and the second spike neuron in the 
cortex is 1.2 to 1.5 m.s., and between this latter and the third spike neuron 
is the same. The slower first wave starts during the second spike. 

The configuration of these various components of potential varies with 
the depth from which they are led in the cortex, suggesting the possibility 
that they can be correlated with the details of cortical structure. 
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I. Introduction 

The use of cerebral potentials evoked by various peripheral stimuli has 
proved of value for the study of cortical localization. Of especial interest are 
the findings of Bartley and Bishop, Kornmuller, Fischer, Wang, Bremer on 
the visual area; of Kommiiller and of Bremer on the acoustic area; of Spiegel 
on the vestibular area; of Bartley, of Bard and his collaborators on the 
central region; of Ectors on the gustatory and masticatory area; of Walker 
on the cerebellocortical projection; of Gerard, Marshall and Saul 7 on cuta- 
neous, auditory and optic areas. Kornmuller 10 demonstrated the perfect cor- 
respondence of the limits of the visual area, determined oscillographically, 
with those of the area striata determined histologically. 

It seemed desirable to investigate a possible sensory representation of the 
vagus nerve in the cat’s cerebral cortex, for this nerve is composed pre- 
dominantly of sensory fibers (Foley and Dubois, 6 ) including, in the cat, the 
depressor bundle. It is true that most of these fibers constitute afferent path- 
ways of visceral and respiratory reflexes which do not reach consciousness 
but this does not exclude the possibility of a cortical representation. On the 
motor side, a cortical control of visceral functions is now well established 
(Spiegel , 16 Fulton and Kennard , 8 W. Smith, 14 ) and indeed the existence of a 
reflex viscero-regulator arc passing via the cortex is indicated by the lasting 
vasomotor disturbances which follow the ablation of certain cortical areas 
(see Kennard 8 ). 

Further, the demonstration of a cortical representation for a visceral af- 
ferent nerve would furnish a physiological basis for the common view that 
disturbed coenesthesia contributes to the pathogenesis of various mental 
affections. Finally, the inhibitory effects, on all the reflex spinal mechanisms, 
winch result from electrical excitation of the depressor nerves (Schweitzer 
and Wright, 13 ) should be reflected in potential changes in the isolated en- 
cephalon on stimulating the vago-depressor nerve. These studies led us to 
examine also the effects of lowered blood pressure on the spontaneous electri- 
cal activity of the cerebral cortex. 

II. METHOD OF INVESTIGATION 

The central end of a cut vagus was stimulated electrically while the spontaneous 
electrogram of some cortical region was being recorded and any modification noted. All 
accessible cortical regions were explored. The normal excitation of vagal receptors would 
have been preferable, but would have been technically difficult and less likely to yield de- 
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tectable cortical effects. Since depressor nerve fibers are included in the vagus nerve, excita- 
tion of this latter is complicated by a fall of arterial blood pressure which it was important 
to eliminate. This was achieved, and the disadvantages of narcosis obviated as well, by 
use of the "isolated encephalon” preparation which was introduced by one of us and has 
already permitted the registration of cortical reactions to varied corticopetal influences 
with particular clearness. 3 In these experiments, high spinal section practically eliminated 
all reflex vasodilation, and bilateral section of the vagi similarly eliminated reflex cardio- 
inhibition. 

The cerebral hemisphere was exposed under ether anesthesia, then the vagi isolated 
in the neck and the trachea cannulated, and finally the suboccipital region exposed and the 
spinal cord severed from the bulb with a spatula. Artificial respiration was then initiated 
and the blood pressure registered from the femoral artery. Animals prepared in this way 
remained in good condition for hours with a blood pressure between 80 and 100 mm. Hg. 
When it began to fail it could be maintained by a small dose of ephedrine. The vagus nerve 
was stimulated by induction shocks at 24 to 50 (make and break) per sec. of sufficient 
strength to evoke a maximal cardiomoderator reflex when the other vagus was not cut. 
The cortical potentials were led off by a pair of electrodes (Ag — AgCl» — Ringer), about 4 
mm. apart, placed directly on the cortex, and recorded by a Mathews or a Dubois oscillo- 
graph. The experiments were carried out in a completely shielded room with the induc- 
torium separately shielded. In most experiments the sensitivity was 15 mm. for 100 micro- 
volts. The oscillograph frequencies were 5,200 (Mathews) and 2,000 (Dubois). 

III. Experimental Results 

With both vagi severed, stimulation of the central end of either one pro- 
duced no definite alteration of the electrical potentials of the suprasylvian, 
ectosylvian, cruciate, proreate, occipital or temporal regions or the medial 
surfaces of the cerebral hemispheres. This negative result cannot be at- 
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Fig. 1. Cat No. 13. Duration of stimulation indicated by arrows. 

Time in seconds. Other explanations in text. 

tributed to a synaptic block in the bulbar center of the nerve, for it con 
trasted with the clearcut bulbopontine reflexes of the same stimulation, 
cardio-inhibition and decreased blood pressure (when the second vagus tv a ® 
not cut), and movements of licking and mastication. Further, after remova o 
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the eyeball and roof of the orbit, a positive effect was repeatedly obtained on 
the orbital surface of the frontal lobe (anterior composite gyrus), its potentials 
being increased both in amplitude and rate. The effect seemed to be slightly 
more pronounced contralaterally. It was never very marked, but undoubted, 
since it was obtained with the same technique which repeatedly gave negative 
results on other areas of the cerebral cortex, even the adjacent cruciate gyrus 
of the same animal, and since it disappeared when the nerve was ligated 
proximal to the electrodes. A typical experiment is shown in Fig. 1. 

Cat. No, 13. December 1 , 1937. heft eyeball removed, and the roof of the left orbit, 
exposing the orbital surface of the left frontal lobe. Both vagi prepared and sectioned. 
Spinal cord sectioned at Cj. Artificial respiration. Stimulation with 50 shocks per sec. 

A. Blood pressure 90, pulse 120. Stimulation of central end of the left vagus. Leads 
on orbital surface of left frontal lobe. Definite increase in electrical activity. 

B. B* * . ■ . . 1 : * 5 * : s ■ *. • » : ' 'se 120. Stimulation 

central en-‘ ■ ■ • • i* .* • ‘ ■. -mis orbitalis which 

outlasted ■ " 

C. Stimulation central end of left vagus. Definite effect as in A with perhaps slight 
after-effect. Blood pressure by puncture of carotid artery 82, pulse 120. 

The immediate effect is much the same on stimulating either vagus, but the after- 
effect is more pronounced contralaterally. 

Another experiment in which other areas of the cortex were explored in 
the same animal is shown in Fig. 2. The differences in the electrograms of the 
different cortical areas is evident in these records. 
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Fig. 2. Cat No. 14. Duration of stimulation indicated by arrows. A and C, cruciate gyrus; 
K, orbital gyrus; D, ectosyivian gyrus. Time in seconds. 
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Fig. 4. Cat No. 7. Stimulation indicated by arrows. Time in seconds. Suprasylvian gy ru 
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Cat No. 14. December 3, 1937. The left eyeball was removed and the entire frontal 
pole of the left cerebral hemisphere uncovered. The spinal cord was sectioned at C t . (Arti- 
ficial respiration.) Both vagus nerves prepared and sectioned. Stimulation at 50 per sec. 

A. Blood pressure 80, pulse 120. Stimulation at central end of the left vagus. Leads on 
left gyrus cruciatus. No effect on electrical activity. 

B. Blood pressure not registering but heartbeat strong at 120 per min. Leads on the 
orbital surface of the left frontal lobe. Stimulation of the central end of the left vagus. 
Definite increase in electrical activity which outlasts the stimulus about 5 seconds. 

C. Blood pressure not recording but heartbeat strong at 132 per min. Leads on the 
left cruciate gyrus. Stimulation of the central end of the left vagus. No effect on electrical 
activity. 

D. Leads on left ectosylvian gyrus after exposure of the posterior part of the left 
hemisphere. Heart weak at 148 per min. The cortex still reacts clearly to stimulation of the 
left auditory nerve by means of a clacking noise. 

Considerable time and some blood were lost between tracings C and D but the cortex 
was evidently still in condition to react to sensory stimulation. 
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Fig. 5. Cat No. 7. Continuation of Fig. 4. 

In all experiments with both vagi severed no effect was ever produced on 
the state of somnolence of the animal, but in one with the right vagus intact 
stimulation of the central end of the left repeatedly awakened the cat from 
a light sleep. This awakening followed a temporary marked decrease in the 
electrical cortical activity, which was proven to he due to a fall of blood 
pressure as a depressor reflex through the right vagus. This led us to investi- 
gate the effect on the cortical electrogram of variations in blood pressure 
produced by stimulating the peripheral end of the vagus. A typical experi- 
ment is shown in Figs. 3, 4, and 5. 

Cat No. 7. Noiember 3, 1937. Both vagi exposed and sectioned. The left cerebral 
hemisphere exposed and leads on the suprasylvian gyrus. Spinal cord sectioned at C„ 
Artificial respiration. Stimulation by inductonum. Time marked in seconds. 
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Fig. 3. A.B.C.D. (Read all records like a book from upper left to lower right.) Blood 
pressure 100. Pulse rate, 160. Peripheral end of left vagus stimulated with secondary coil 
at 27 cm. Blood pressure dropped to 60-70; pulse slowed to 66. Form of electrical activity 
altered. Effect outlasts the stimulus but disappears with rise in blood pressure. 

Fig. 4. A. Blood pressure 90. Pulse rate 138. Peripheral end of left vagus stimulated. 
Secondary at 26 cm. Blood pressure dropped to 60; pulse rate to 92. Very little effect on 
the electrical activity. Pressure afterwards rose to 95 and pulse to 142. The electrical 
activity became more regular. B.C.D. Stimulus was repeated with the coil at 25 cm. 
Blood pressure dropped from 95 to 40, pulse rate to 72. The electrical activity practically 
disappeared. The effect outlasted the stimulus about 20 seconds and persisted over 7 
seconds after the blood pressure returned to its former level. Blood pressure rose to 
100, pulse to 142. Electrical activity much improved and resembles that in Fig. 3. 

Fig. 5. A.B.C. Blood pressure 80, pulse rate 144. Peripheral end of left vagus stimu- 
lated. Coil at 23 cm. Blood pressure dropped to zero and heart stopped. Electrical activity 
disappeared after about 9 seconds. Electrical activity reappeared 10 seconds after the blood 
pressure reached its former level. Blood pressure rose to 90, pulse to 186, and electrical 
activity improved over initial activity before stimulation. 

These effects were repeated many times and the records show that a fall 
of blood pressure below a certain critical level, different for each animal, in- 
variably causes a decrease in the electrical activity of the cortex. With an 
initial blood pressure of 100, a brief fall of 20 mm. may cause no effect and a 
longer fall only an alteration in the form of potentials (Fig. 3), whereas in the 
same animal with an initial pressure of 80, a fall of 20 mm. may result in 
very marked diminution of electrical activity. The electrical changes follow 
promptly on the fall of blood pressure but never before several seconds 
(Fig. 5, B). When pressure is restored, the cortical electrogram returns almost 
instantaneously (Fig. 3 C) unless the hypotension has lasted more than ten 
seconds (Fig. 5), and is complete unless the duration of the hypotension was 
over 20-30 seconds. The return to its previous state is in general preceded by 
a short phase of augmentation in amplitude and frequency of the waves 
(Fig. 5 C) related to a phase of high pressure probably due to adrenalin libera- 
tion. This phase of increased cortical activity may be accompanied, when 
the animal was asleep before the vagal excitation, by oculofacial manifesta- 
tions of awakening. The prolongation of complete cerebral ischaemia for 
much more than 30 seconds causes irreversible alterations in the cortex even 
to the complete disappearance of its spontaneous activity and response o 
sensory stimuli. Moderate hypotension maintained during a sufficient time 
has a particularly interesting action on the cortical electrogram because a 
first sight it does not appear to be a depression: the waves, which are reduce 
in frequency and tend to occur in groups, are greatly augmented in ampk u e 
(Fig. 3 B, and C). This oscillogram is characteristic of sleep and there are 
other symptoms of this state (closure of the palpebral fissure, downwar 
rolling of the eyeballs, myosis, spreading of the nictitating mem ra n e . 
Slowing of the heart produces no effect on cortical potentials if the 0 
pressure is not altered. 

IV. Discussion 

Little is known of the function or relationships of the 
frontal lobe. 16 Electrical stimulation of this region in mar 


orbital cortex of the 

has produced noth- 
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mg The area in the cat responding electrically to central vagal stimulation 
would correspond in man roughly to the area FG of Economo s The areas FF, 
FG, FH are the most granular in the frontal cortex but their efferent and 
afferent connections are unknown We were much surprised to obtain an effect 
from vagus stimulation m this region, it was tested as a matter of routine 
exploration It is on the orbital surface of the frontal lobe, in what we take to 
be the inferior posterior extremity of the gyrus compositus anterior and, so far 
as we can judge, is the region from which Smith' 1 obtained maximum in- 
hibitory effects on respiration 

The effect of lowered blood pressure on the cortical electrogram is doubt- 
less due to anoxemia, since the alterations it sets up closely resemble those 
which may be produced by cessation of artificial respiration Further, the 
cortical manifestations of sleep are seen in the initial phase of anoxemia 
(Bremer and Thomas 4 ) and during moderate hypotension 

Low blood pressure always depresses cortical electrical activity, though 
differences m the degree or duration of the fall lead to diverse details, from 
reduction of frequency and tendency to grouping through simple enfeeblement 
to complete disappearance Here agam the action resembles that of anoxemia 
(Bremer and Thomas 1 ) We have never observed irritative or epileptiform 
phenomena, in harmony with the prevalent behef in a subcortical origin of 
the convulsions observed in sudden hypotensive states in man, notably in the 
Stokes-Adams syndrome On the other hand, excitation of the central end of 
the vago depressor nerve did not diminish cortical activity except when, due 
to preservation of the cardiomoderator reflex, it lowered blood pressure Our 
experiments, therefore, do not support the hypothesis of a direct inhibitory 
action by depressor nerves on the cortex or diencephalon 

V Summary 

1 Stimulation of the central end of the vagus nerve increases the electrical 
potentials of the orbital surface of the frontal lobe of the cerebral cortex No 
other portion is affected 

2 The cortical electrogram is very sensitive to alterations in blood pres- 
sure, which may vary both its amplitude and form 

3 The effects of low blood pressure are doubtless due to anoxemia smce 
they are practically identical with those produced by cessation of artificial 
respiration 
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Introduction 

Early study of the cerebral cortex in animals led to the view that this 
region of the brain acted as a whole. Later work, however, indicated the exist- 
ence of motor and sensory areas with an extraordinary amount of detailed 
representation, and also large association areas not directly projected to 
muscles or sense organs. In man the latter regions make up the greater 
part of the cerebral cortex. Do the various areas which are known to be func- 
tionally different exhibit corresponding differences in brain potential pat- 
terns? Particularly, does any change or disturbance in pattern which results 
from stimulation remain localized or affect the cortex generally? 

Recent work in this field has led to somewhat divergent views. Berger 
(1933, 1934, 1935, 1936) has stressed the activity of the cortex as a whole 
and Foerster and Altenburger (1935) have also obtained similar records from 
very different architectonic areas of the human brain during operations. On 
the other hand Adrian and Mathews (1934) and Adrian and Yamagiwa (1935) 
originally localized the origin of the alpha rhythm in the occipital lobe, a 
focus in each hemisphere moving a few cm. right and left or up and down. 
They attribute the occurrence of a low amplitude alpha rhythm in top and 
front areas to electrical spread of potentials. Jasper and Andrews (1936, 
1938) observed marked differences in pattern of the motor (chiefly beta) 
as compared with the occipital (chiefly alpha) region. They found little dif- 
ference between homologous areas of right and left hemisphere in normals; 
very dissimilar and completely asynchronous patterns in pathological cases. 
In animals, Kornmiiller (1935) has stressed the differences in pattern from 
cytologically different areas in the rabbit, whereas Rheinberger and Jasper 
(1937), by permanent electrodes in the cortex of the unanesthetized cat, 
have been unable to find consistent differences in different areas because of 
variation in the activity of one region at different times. Stimuli gave rise to 
specially marked changes in one region but there was also some effect on all 
other regions. 

Our own experiments on man have led us to an intermediate view. There 
is undoubtedly a localization of certain potential patterns in definite, decidedly 
large areas of the cortex but there is certainly not the precise localization of 
pattern that might be expected from the anatomical or physiological map. 
The brain behaves more or less as a whole so far as electrical activity is con- 
cerned. In no respect is this better seen than as the result of disturbances, 
either internal or due to stimuli sent to the person, awake and asleep. It is 
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the purpose of this paper to describe the regions of the cortex affected by such 
stimuli and to present a general picture of potential distribution. 

It must be clearly understood that we are not dealing with "evoked” 
potentials, i.e., potentials appearing in the particular sensory area after per- 
ipheral stimulation. In animals these potentials, described by numerous in- 
vestigators, have a definite form and a relatively short duration. In man their 
detection through the skull and scalp is unusual. They have been described 
for light stimuli by Jasper and Cruikshank (1937) in the occipital region, and 
for touch stimuli by Jasper and Andrews (1937) in the precentral region. Per- 
haps the flicker potentials of Adrian and Mathews (1934) are to be regarded 
as evoked potentials. 

We are concerned with the more or less continuous spontaneous rhythms 
whose pattern or appearance may be affected by external stimuli. Three points 
are of particular interest. Are the waves in different regions of the same gen- 
eral pattern or frequency; are they synchronous and in phase; are interrup- 
tions of a train of waves synchronous over large cortical areas? Development 
of an entirely new recording device with six completely independent amplifier 
systems has made it possible to study six different regions of the brain 
simultaneously. 

Electrode Positions 

Much of the disagreement in interpretation of potential records comes 
from placements of electrodes. There has been extended discussion of the 
relative merits of the "unipolar” and the "bipolar” methods, both of which 
have their own particular advantages. Where two small electrodes are used, 
the potential difference between regions under each of them is measured. 
Potential changes in the region between them only show if electrodes are close 
together and the potential is large. Where one electrode is large ("indifferent”) 
and one small the average of the potential changes under the large electrode 
compared with the small electrode is measured. A simple method is to have 
one electrode on a region which remains equipotential so that the pattern will 
represent only what is happening under the other electrode (the unipolar 
method). If, however, small electrodes are fairly close together (the bipolar 
method) they will detect differences of potential within a small area of the 
brain under them, and consequently give the pattern of potential in that 
region. However, much higher amplification is necessary. This method has 
two disadvantages: (1) if the whole area is changing in potential simultane- 
ously, no difference of potential is recorded. (2) If one electrode happens to 
be in an area of one pattern or frequency and the other in an area of another 
pattern or frequency both patterns or frequencies will appear. 

Therefore, we have adopted the policy of comparing some region on the 
head with a neutral region, the ear or the mastoid process behind the right 
or the left ear. Bone is thick over the mastoid process and greatly attenuates 
potentials, for little brain rhythm is observed when the mastoid is com- 
pared with the chin or arm or when right and left mastoids are compared with 
each other, although the electrocardiogram may appear. Care should be taken 
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not to use a region just above the mastoids behind the ear for brain potentials 
may be obtained from this region. 

Fundamental to the whole interpretation is a knowledge of the amount of 
electrical spread (extension of the electrical field) as distinct from the physio- 
logical spread of potentials. Detection of electrical spread is dependent on the 
amplification. Adrian and Mathews (1934) assumed that the electrical spread 
was considerable and explained the fact that the alpha rhythm between vertex 
and frontal electrodes is one-third the amplitude of that between vertex and 
occiput, by electrical spread from the occiput. We believe the explanation is 
this: — that the alpha rhythm is also present in the frontal region and one- 
third the amplitude of that in the occiput. There can be very little electrical 
spread with the amplification we have been using. If so, a potential change of 
100m V in the occipital region should always appear at some constant fraction 
of this value in the frontal region, and vice versa. Actually we observe many 
large potentials from one electrode which do not appear on others. 

Gibbs, Lennox and Gibbs (1936) likewise find large petit mal potentials, 
both spikes (1000m V) and slow waves appearing from the frontal electrode 
without a corresponding indication in the motor region, both compared with 
ear. After one second, however, slow waves synchronous with those of the 
frontal may also appear in the motor region, but without spikes. In this case 
there must be physiological (not electrical) spread of a disturbance from 
frontal to motor regions giving rise to the slow potentials. The evidence is 
perfectly clear that in epilepsy the spread of potentials over the cortex cor- 
responds with the spread of external clinical signs. When the disturbance 
reaches the motor region it advances and causes movements which reflect the 
well known Jacksonian progression. 

Only with movements of the eyeball is there evidence of electrical spread 
of potential. Since the retina is negative to the cornea, quick movements of 
the eye appear in a record. Simultaneous records from different regions indi- 
cate that an excursion corresponding to 150m V from an electrode just above 
the eye is reduced about half on the top motor region and one quarter on the 
occiput. The relative amplitudes differ in different persons. Potentials from 
eyeball movements, however, are of a totally different character from those 
of the cortex. They represent rotation of a large dipole, whereas brain po- 
tentials represent alternate positivity and negativity of a thin layer in the 
cortex with respect to the ears or to some other region. 

By comparing six different regions of the scalp (front, top and back on 
both right and left sides of the head) with the mastoid bone, as shown in Fig. 5, 
we can obtain a very good idea of potential distribution over the whole head. 
Results may be checked by comparing any of the six electrodes with each 
other, giving their potential differences directly. Thus, if right and left oc- 
cipital regions are changing in potential synchronously, in phase and with the 
same amplitude, no potential will appear between them. If either frequency 
or amplitude or phase is different, just as marked rhythms may be recorded 
between right and left occiput as between the occiput and mastoid. 
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APPARATUS 

A convenient and rapid method of placing electrodes is as follows: attach a ring 
of rubber (1.5 mm. thick, 5 mm. inside diameter, 10 mm. outside diameter), cut from 
rubber tubing, to the scalp with rubber cement which dries rapidly and holds firmly. Abrade 
the skin inside the ring slightly and apply a little Sanborn electrode paste. Push a 5 mm. 
disk of silver to which a fine wire is attached into the rubber ring against the skin. A drop 
of collodion over the disk will prevent evaporation. Shielded wires lead from the electrodes 
to a switching box where twelve connections can be made to six complete amplifier systems 
in any possible combination, i.e., any grid can be connected to any electrode or any number 
of grids to any electrode. 



Fig. 2. Paper cutting brain potential recorder showing roll of paper (R) which passes 
under pens activated by 6 magnets (M) and is cut by a knife (K) each 30 seconds, turned 
over and laid on a pile (P). The machine is driven by synchronous motor, D. The contact 
wheels, C, are so arranged that stimuli can be sent to the subject at predetermined times. 


The amplifying system is fundamentally similar to that described in 1937, a four-stage 
push-pull type with special low noise tubes (1603) in the first stage. An additional power 
stage drives specially constructed dynamic ink writers. So many inquiries have been 
mode regarding the amplifiers that a complete diagram with all details is given in Fig. 1. 
The new set contains an important improvement which prevents "in phase” potentials, 
(i.e., those that reach the two grids simultaneously) from being amplified. As a result the 
subject does not have to be "grounded” at any point and potentials from the heart do not 
interfere even if one amplifier is attached to leads from an arm while others are attached to 
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leads from the head. The chief advantage is that the problem of shielding the subject from 
stray fields is greatly reduced. This result is accomplished by using large cathode resistors 
connected to negative potentials in the first three stages. Frequency response is practically 
uniform over the range 0.3 to 46 cycles. Pen deflection is proportional to microvolt input 
up to a point where neon lamp limitors prevent excessive movement of the pens. 



Fig. 3. Enlarged view of electromagnets and 13 pens which write on paper. 

The flying shears are clearly shown. 

The six dynamic pens are arranged in a semi-circle about a moving strip of paper, com- 
ing from a roll, seven inches wide. When 30 seconds (1 second =3 cm.) of recording has 
occurred the paper is automatically numbered and cut by a moving knife, turned over 
and placed in position on the previous sheets ready to be bound together for permanent 
keeping. The recording machine, which has nine different speeds, is shown in Fig. 2 and 
the electromagnetic ink writers in Fig. 3. Alternating with the six dynamic pens are seven 
additional pens actuated by small electromagnets. One is a signal pen to record stimuli; 
the other six record from circuits tuned to any desired frequencies. The appearance of the 
tuned channels is shown in the records between the brain potential lines. They supplement 
the untuned record and make it possible to give an accurate figure for the “alpha index 
or the index of any other frequency of interest. 

Distribution of Potential Pattern 

Before considering the effect of stimuli, a general picture of the cortical 
distribution of potential pattern is necessary. We are again impressed with 
the similarity of records from the same person on different days. Because of 
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the variation in pattern from person to person it is only possible to make the 
most general statements; in fact every generalization has its exceptions. Any 
part of the head connected with any other part will give rhythmic potential 
differences. The nearer the electrodes, the less the amplitude of potentials 
and if the two are brought very close together (15 mm.) high amplification is 
necessary to detect them. As stated previously this means that the two regions 
must be changing in potential simultaneously and chiefly in phase, as can he 
proven by comparing each of them with the ears. By such a method of study 
it is commonly observed that very large regions of the cortex may change in 
potential simultaneously. 

In any one person of the dominant alpha type (see Davis and Davis, 
1936) the relative average amplitude of alpha potentials occurring simul- 
taneously in back, top, and front regions may occur in such ratios as 100 : 60 : 40 
or 60 ;40 :40 or 60 :50 :0. These figures, given above in p V, might be continued 
indefinitely by a careful study of different persons.* Rarely the frontal alphas 
are larger than the occipital. 

If five electrodes are placed on the mid-line in positions 2, 3, 4, 5 and 6, 
Fig. 4, the recorded amplitudes of simultaneous alpha potentials compared 
with the left mastoid (7), are shown in Table 1. Note in this particular case, 
the average values in p V from front to back are 42, 51, 64, 81, 33. The last 
value of 33 on electrode 6 is from a point below the inion. The table also shows 


Table 1. Amplitude of alpha rhythm . 

Electrodes on midline of head front to back in positions illustrated in Fig. 4 are com- 
pared simultaneously at times chosen at random over a period of 10 minutes. 


Electrode 

position 

Amplitude in microvolts 

i 

Average 

Front. 7-2 

40 

50 1 

40 

50 

40 

40 i 

30' 1 

40 1 

40 | 

60 

43 

7-3 

50 1 

60 

50 

50 

40 

50 , 

40' 

50 

40 

70 

50 

7-4 

70 

80 

60 1 

60 

60 

70 

40 

1 50 

80 

70 

64 

7-5 

100 I 

100 

90 

90 

100 

80 1 

90 

100 

80 

70 

90 

Back. 7-6 

50 

30 

40 

30 

20 

30 

60 

40 

40' 

20 

36 


Electrode 

position 

Amplitude in microvolts 

Average 

Front. 7-2 

20' 

30 

60 

40 

20 

20 

50 

50 

70 

60 

42 

7-3 

20' 

40 

70 

50 

30 

40 

80 

50 

70 

70 

52 

7-4 

30 

50 

80 

70 

40 

50 

90 

60 

70 

100 

64 

7-5 

120 

80 

50 

100 

60 

80 

70 

100 

40 

30' 

73 

Back. 7-6 

50 

40 

20 

40 

30 

40 

20 

30 

30' 

10' 

31 


1 Out of phase. 


that the potentials are almost always in phase (occasionally out of phase in 
front and in far back) and that the distribution varies from time to time, al- 

* Since this paper went to press an interesting study has appeared of alpha rhythm 
distribution by M. A. Rubin ( J . Neurophysiol. 1 : 313-324, 1938.) 
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Fig. 4. Alpha type, awake. In all figures the numbers at left indicate placements of 
electrodes, looking down on head from above as in diagram. Seven and eight are the left 
and right mastoid bones. When first indicated position is positive the pen moves down. 
The lines between brain potential records give tuned frequencies. Note that interruptions 
affect alpha rhythm over whole of head but are more marked in some regions than in 
others. At the first vertical line 4, 5 and 6 are in phase 2 and 3 out of phase; at the second 
vertical line all regions of the head are in phase. 

Fig. 5. Alpha type, awake. Note that modulation of alpha rhythm usually occurs 
over whole of head but may appear first on back then on top (in left circle) or may affect 
back but not top (in right circle). At extreme right note large (130 p V) 8 per second waves 
appearing in all regions. Beta potentials are superposed on the alpha in the front regions. 


DISTURBANCE-PATTERNS IN SLEEP 


421 


though the occiput almost always leads in amplitude. This is a frequent pic- 
ture of alpha distribution, shown in Fig. 4. We have here an excellent example 
of the dominant alpha type with potential over the whole head changing 
together, first positive then negative with respect to the ears, ten times a 
second. The amplitude varies from place to place but the well known inter- 
ruptions or modulation of the alpha rhythm commonly occur over the head 
as a whole, only rarely appearing locally in one particular region. Examples 
of such local distribution are shown within the circles of Fig. 5. In rare cases, 
large eight-per second potentials may appear simultaneously in all regions, 
such as those at the right margin of Fig. 5. 

In the low alpha type, frequencies are so irregular that a general state- 
ment of distribution is difficult. Such a record is shown in Fig. 6, During 
sleep the alpha rhythm may appear simultaneously in all regions as a result 
of a tone stimulus. This is shown in Fig. 7, of the same subject. Our observa- 
tions agree with those of Berger (1933) and with Jasper and Andrews (1936, 
1938) that right and left sides show similar patterns; front and back often 
different ones; also that the beta rhythm, when it appears, is predominantly 
front and top while the alpha rhythm is predominantly back and top. 

Stimuli and Disturbances 

By a "disturbance” we refer to any marked change in the regularly occur- 
ring potential pattern. These may be spontaneous or they may be the result 
of external stimuli. No doubt the spontaneous disturbances come from in- 
ternal stimuli of one kind or another. Thus, when awake, modulation of the 
alpha rhythm merging into longer interruptions, as already pointed out, 
generally affects, simultaneously, all regions in which alpha rhythm appears. 
Suppression of the alpha rhythm by light likewise occurs simultaneously in 
all regions, with occasional exceptions. Jasper and Andrews (1938) have ob- 
served light to suppress the occipital alpha but not the frontal alpha rhythm. 
They also observed the frequency of the two to he different. Occasionally 
light has little effect on the alpha jrhythm, as shown in Fig. 8, where there is 
only a transitory suppression in all areas. 

Davis, Davis, Loomis, Harvey and Hobart (1938) observed in the drows- 
ing state that the alpha rhythm sometimes disappeared on back but not on top 
during the momentary loss of consciousness experienced at the onset of sleep. 
However, in looking over a large number of records taken from six different 
regions of the head simultaneously, one is impressed with the widespread 
simultaneous changes in widely separated areas, rather than with local dif- 
ferences. 

It is in sleep that the most interesting and varied changes in potential pat- 
tern occur as a result of stimuli. These were first noted by Loomis, Harvey 
and Hobart (1935, 1936) and have been observed by Blake and Gerard (1937) 
in their interesting study of the relation between potential pattern and depth 
of sleep. Loomis, Harvey and Hobart (1937) have described five successive 
changes in brain potential pattern representing stages or states of sleep that 
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Fig. 6. Low alpha type, awake. Note irregular potentials with beta rhythms on top 
and front. Electrocardiogram shows on arm electrodes, which also indicate muscle po- 
tentials after a tone signal, giving reaction time. . , . 

Fig. 7. Same subject as Fig. 6 in B state of sleep; 84 at half amplification. Note ong 
reaction time, indications of a K complex and simultaneous alpha rhythm following a one 
stimulus. 

are very well defined. These are designated A, B, C, D, and E. During the 
night a sleeper continually shifts back and forth from one state to another, 
either spontaneously or as the result of stimuli. The patterns are shown m Fig- 
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Fig 8 Alpha type showing partial suppression of alpha rhythm by light Note po 
tentials due to eyeball movements when eyes are closed 

Fig 9 Brain potential activity in an alpha type of person and a low alpha type 
awake and asleep O =* occipital region T=topofhead Bi, B? C D and E refer to states 
of sleep Note that when asleep the patterns are much more alike than when awake 

9 Our present work, based on 25 afternoon naps of 10 persons, has com- 
pletely confirmed the previous experiments and made it possible to state more 
definitely the distribution over the head of 14 per second "spindles,” four to 
five per second waves, and the large delta potentials The E state is rarely 
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reached in an afternoon nap. A very characteristic response which we call 
the K wave or complex appears in some states of sleep, either spontaneously or 
as the result of stimulation. 

Records of persons which are quite dissimilar when awake, become much 
alike when asleep. The drowsing state A, with intermittent alpha rhythm, 
studied in detail by Davis, Davis, Loomis, Harvey and Hobart (1937) reflects 
the pattern when awake but states B, C, D, and E are fundamentally alike in 
the alpha and the non-alpha types of individual. This is illustrated in Fig. 9. 
In the B or low voltage state potential change is of low amplitude over the 
whole head. When four to five per sec. waves appear, they are largest on 
the top, then on the front and then on the back. In the C or spindle state the 
amplitude of spindles is usually largest on the top. They may also be prom- 
inent on front or back in some persons. Such a distribution is shown in Fig. 13. 
In the D state, spindles continue to come from the same regions, while the 
large random or delta waves of one a second come from all parts of the head. 
They are largest from the top, less large from the front, and smallest from the 
back. In the E state, where the spindles become inconspicuous, the delta waves 
continue from all parts of the head with the same relative distribution in size. 

The ability of a subject to respond to a stimulus as he falls asleep was 
tested as follows. At predetermined times, most often at half minute intervals, 
stimuli were automatically sent to the sleeper, who was asked to squeeze a 
bulb in his right hand if he heard a sound (tone from loud speaker) or noticed 
a light (incandescent lamp, bright enough to be detected through closed eye- 
lids) or felt a weak intermittent induced electric shock applied to his left 
little finger. Squeezing the bulb made a contact, activating a signal magnet 
which marked the record. Electrodes on the right forearm also recorded action 
potentials from muscles involved in squeezing the bulb. 

At first, when the subject is still awake, a tone stimulus (not in itself loud 
or startling) is frequently found to suppress the alpha rhythm if the subject 
has been asked to react by squeezing the bulb. The phenomenon is illus- 
trated in Fig. 10 where the tone occurs just as a train of alpha waves begins. 
It will be noted that the alpha rhythm disappears in all regions simultane- 
ously. Many observers have described an effect ("startle effect”) when the 
subject was suddenly "startled,” as by a loud unexpected voice, den un- 
expected touch, etc. There results also a momentary suppression or practically 
all electrical activity for a short period (one-half to several seconds). 

It is likely that the essential cause of a startle effect is a stimulus to whic 
the subject feels he should react with a motor response. Jasper and Crvib - 
shank (1937) have spoken of the "signal value” or "arousal value of the 
stimulus. Thus, a faint tone repeated every 30 seconds does not suppiess 
alpha rhythm but if the subject is told to squeeze a bulb whenever he hears 
the tone, the effect is marked. 

With one subject, ten successive trials gave the suppressions illustrate in 
Table 2. We wish to emphasize that when this effect occurs it is observe over 
all regions of the head at the same time. Regularly during the B state o s eep 
and sometimes during the C state, tone, fight or electrical stimuli woui give 
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Fig. 10. Alpha type responding to a tone signal by squeezing bulb in right hand which 
turns off tone, recorded on lower line. Electrodes on right forearm record muscle potential 
(ARM); 34 records difference in potential of right and left hemisphere over motor region. 
Note reaction time about 0.3 second. Alpha rhythm which has just started is suppressed 
simultaneous! ’ in all regions. 

Fig. 11. e min. later, in B state of sleep. Note reaction 

time 0.75 secc alpha rhythm appears on all parts of the head 

and then disappears simultaneously. 
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rise to the short bursts of alpha rhythm previously described. Alpha rhythm 
usually came from all regions of the head which characteristically produce 
alpha rhythm in the particular person being studied. The rhythm began simul- 
taneously and ended simultaneously in the different regions. A marked effect 
of this type is shown in Fig. 11. Tone and light were more likely to arouse alpha 
rhythm than electrical stimulation. If the stimuli were sent in at half min ute 
intervals the subject became accustomed to them and failed to respond by 
the appearance of alpha rhythm, the adaptation being most marked in the 
case of electric stimulation of the finger. A change in frequency or intensity 
(even lowered intensity) of tone or intensity of light or tickle would again 
start alpha rhythm from large areas of the head simultaneously. Frequently 
the alpha rhythm began as the stimulus ceased. 

Table 2 


Suppression of alpha rhythm after ten successive tone stimuli, when the subject was 
asked to respond by moving hand. The figures give time in seconds. 


Trial 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Aver- 

age 

Reaction time 1 

.23 

.23 1 

.20 

.27 

.20 

.20 

.23 

.27 

.33 | 

.37 

.25 

Time of beginning 
of suppression 

.33 

.33 

.66 

■ 

.33 

.33 

.36 

.40 

.46 

.50 

.48 

Duration of sup- 
pression 

.60 

.53 

1.6 

.33 

.33 

.36 

; 

1.6 

.36 

1.5 

.33 

.75 


This appearance of alpha rhythm over all areas is obviously a shift of the 
person from one level to another, from the B to the A state of sleep, and not 
any "evoked” effect of the stimulus, as such. It is the widespread distribution 
that is notable. The response to light is particularly important and interesting 
since light abolishes the alpha rhythm when awake and yet gives rise to the 
rhythm when asleep. The change in reaction time is quite interesting as the 
subject drops off to sleep. Figs. 10 to 13 show how this gradually lengthens as 
the character of the brain potentials changes, often becoming over a second in 
length. We have regularly observed this correlation. Sometimes abortive at- 
tempts to squeeze the bulb appear in the record of arm muscle potentia 
without an actual contact being made, as shown in Fig. 13. In the transition 
between the B and C states of sleep the change in potential pattern occurs 
over all regions of the head. . . 

When the C state of sleep is reached an interesting and characteristic arge 
potential change occurs as a result of tone stimulation which can be esig 
nated a K wave or K complex. This starts in the late B state and appears in 
the record as a swing down (sometimes up and then down) and then up, cor 
responding to a negativity (pen moves down) and then a positivity (pen 
moves up) of the head with respect to ears. It is shown in Figs. 12, 13 an 
The beginning of a K complex appears in Fig. 7. , 

The actual potential change may be as high as 200 to 300p V and the pe 
about a second. The maximum positivity occurs about 0.75 second a er 
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Fig 12 Same subject as Fig 10, 10 mm later, m C state of sleep Note reaction 
time now 1 25 seconds and the appearance of the K complex, a large slow potential change 
m which the head becomes negative and then positive to ears, followed by several large 
potential changes with higher frequency superposed 

Fig 13 Same subject as Fig 10, 50 mm later, showing attempts to squeeze bulb 
not rewarded with success At left note 14 per sec rhythm widely distributed over head, 
followed by 4 per sec waves and a slight K wave, as a result of the tone stimulus 

tone stimulus begins. With increasing positivity of head there are superposed 
waves of fourteen to eight per second, rather irregular in frequency. Sometimes 
there will be several large negative and positive swings in succession resem- 
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Fig. 14. Same subject as Fig. 10 showing anticipatory attempts to squeeze bulb and 
final success after 1.1 seconds. Note K complex accompanying anticipatory efforts and 
simultaneous large potentials on all parts of bead. . ~ 

Fig. 15. Spontaneous change in frequency from 14 to 8 per sec. rhythm during 
state of sleep. Note electrocardiogram between mastoids (78) but little brain potentia . 

bling delta waves. The higher frequency usually appears when the head is going 
positive to ears. Although the wave regularly follows stimulation, as shown 
in Fig. 12, it may appear spontaneously in an experiment where the subject 
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has received no tone stimulus. Sometimes it has been observed to be coinci- 
dent with a feeble attempt of the sleeping subject to squeeze the bulb, before 
the stimulus, as shown in Fig. 14. It has appeared in all our regular subjects 
and is most prominent on top, less on front and least on back of head. 

The interpretation of these K waves is difficult and demands further in- 
vestigation. They are clearly not electrical artifacts nor are they due to move- 
ments of the eye balls, as they are larger on the top than on the front of the 
head. The form is also different. They are not due to movements of head wires 
as they do not show on electrodes placed over corresponding parts of the right 
and left hemispheres. Since they have about the same amplitude and period as 
delta waves, they may perhaps be regarded as the forerunner of these large 
potentials characteristic of the D and E states of sleep. The K wave is not the 
only type of disturbance that occurs in the C state. Fig. 15 shows an unusual 
sudden change from spindles to 8 per sec. rhythm not correlated with any 
external stimulation. Note that it extends over a considerable area, begins 
and disappears simultaneously and lasts three seconds. Since the record of 
this person awake was also unusual we may regard it as decidedly atypical. 

The general picture of the cortex that we form from the preceding study 
of disturbances is of an organ whose parts are so intimately connected that it 
is unusual to find a disturbance of spontaneous rhythms that is confined to 
local areas, and almost never confined to a single convolution. When the 
whole head is "beating” in phase with a frequency of 10 per sec. in different 
regions, the question arises as to what the relation to individual neurons can 
possibly be. How can we conceive of a regular pattern which extends from 
forehead to occiput arising from several layers of cells which are themselves 
oriented by the complex folding of the cortex? The answer must come from 
animal experimentation. 

Summary 

A study has been made of potential pattern from six different regions of 
the human cortex recorded simultaneously. Combined with the findings of 
numerous other investigators of human electroencephalography we obtain 
the following general picture of potential distribution. Right and left halves 
are fundamentally alike in pattern while front, top and back may be quite 
different. Beta rhythm is predominantly front and top while alpha rhythm 
is predominantly back and top. Very large areas exhibit the same pattern or 
frequency which is often synchronous and in phase, less often out of phase 
and of slightly different frequency. Amplitude may vary greatly in different 
regions and at different times. Exceptions have been noted to all the above 
statements. 

In the A (drowsing) state of sleep, patterns reflect those of the person 
awake but in the B, C, D and E states all persons show fundamentally similar 
patterns, fourteen per sec. rhythm appearing predominantly on top and large 
delta waves over the whole of the head. 

A disturbance affecting alpha rhythm when awake usually involves simul- 
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taneously all areas showing alpha rhythm, with delay of appearance in certain 
regions occasionally observed. 

A disturbance during sleep, whether resulting in the return of alpha 
rhythm, or the appearance of large seven-per-second potentials, or of the 
newly described large K waves, affects all regions of the head to some extent. 
The K wave or complex is most marked in the C state of sleep, appearing as 
a negative and then a positive swing (with respect to ears), with superposed 
14 to 8 per sec. rhythm. It regularly results from a tone stimulus but may 
appear spontaneously, most marked on top, less on front and least on back of 
disturbance head. 

With respect to disturbance potentials appearing on the surface of the 
skull the cortex thus acts as a whole. 
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THE FRIGHT REACTION AFTER SECTION OF THE FACIAL, 
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Introduction 

In a previous communication 1 observations on reactions of denervated cranial 
muscles to fright were described It was noted that two or three seconds after 
a monkey {Macaco, mulatto.) had been frightened its denervated facial or 
ocular muscles showed slow contractions This contraction, termed the "fright 
reaction,” lasted for 30 to 40 seconds The reaction could be augmented by 
esermization and reproduced by parenteral injections of acetylchohn Injec 
tions of adrenahn m small or large quantities failed to produce contractions 
in the denervated muscles The contractions produced by fnght and acetyl- 
chohn were closely parallel m type They occurred only while the muscles re- 
mained denervated All available data seemed to point to the fact that the 
fright reaction was due to a humoral agent which m its action on denervated 
muscles was similar to acetylchohn 

The site of formation and the manner in which the cholinergic substance 
reaches the denervated muscles are still moot points It would be possible for 
the agent to diffuse to the denervated structures from secretion m local tissues 
or from the blood stream It is the object of this report to show that the fright 
reaction is not due to local secretion of acetylchohn It is well known that 
electric stimulation of vasodilator nerves causes hberation of acetylchohn at 
their nerve ending ” Such a secretion among denervated muscle fibers would 
produce in them a slow contraction Previously in an attempt to eliminate 
this factor of local diffusion as a possible explanation for the fright reaction 
the supenor cervical ganglion, sympathetic trunk and infraorbital nerves 
were cut 1 These procedures did not abolish or materially reduce the contrac- 
tion associated with fright Hinsey, 5 however, suggested that the inferior 
cervical ganghon and uncut portions of the trigeminal nerve might be in- 
volved in the local production of acetylchohn within the facial or ocular 
muscles There are also other nerves in the regions denervated which may act 
as a source of local secretion of the parasympathetic substance To insure 
complete interruption of the local nerve supply to the face and eye the 
oculomotor and trigeminal nerves were cut mtracranially, while the facial, 
chorda tympam and part of the pharyngeal plexus, were cut extracramally 
In addition the superior middle and inferior cervical ganglia were removed 
and the carotid artery was denuded 

* This work was aided by a grant from the Fluid Research Funds Yale University 
School of Medicine 
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Results 

Section of facial nerve 

In most instances the facial nerve was cut at the exit of the stylomastoid 
foramen. The fright reaction in the denervated facial muscles appeared 7 to 
10 days after nerve section, irrespective of what part or to what extent the 
nerve was excised. Intracranial or intracanalicular resection, avulsion of the 
geniculate ganglion, or excision of all branches of the facial nerve yielded 
identical results. In every instance a typical peripheral facial paralysis with 
loss of electrical reactions appeared. In some monkeys the skin temperature 
of the denervated face and ear became warmer, but later grew cooler than the 
normal side. So long as the muscles remained denervated the fright reaction 
could be elicited. The sensitivity to acetylcholin reached its maximum about 
25 days after the nerve section. Thereafter, with regeneration of the nerve, it 
diminished unless the heightened sensitivity was maintained by periodic re- 
section of the nerve fibers. 


Section of the oculomotor and trigeminal nerves 


The technique for section of the oculomotor and trigeminal nerves was the 
same. Only observations on trigeminal nerve section will be described here as 
the results of oculomotor nerve section have been reported already. 4 Through 
a large bone flap the greater, especially the posterior, part of the cerebral 
hemisphere was uncovered. Such an exposure made it possible to examine 
cranial nerves III, IV and V. By gently elevating the temporal lobe from 
its middle fossa, the petrous pyramid and its apex were visualized. Around 
the cerebral peduncle the trochlear and more anteriorly the oculomotor nerve 
could be seen. Near its apical insertion the tentorium cerebelli was incised, 
bringing the trigeminal nerve into view. Two roots were clearly discernible, 
the smaller being more lateral. Stimulation of these roots caused closing of 
the jaw, and, with strong enough current, the ipsilateral facial muscles con- 
tracted. The latter contractions were abolished immediately after the peri- 
pheral facial nerve supply was interrupted. Apparently the abnormal facial 
contraction obtained on stimulating the trigeminal nerve roots with unipolar 
and bipolar electrodes was due to electrical spread. Stimulation of the tri- 
geminus nerve more anteriorly in its preganglionic divisions yielded the same 
responses. Stimulation of the first division caused a dilatation of the pupil 
and slow retraction of the upper eyelid. The latter responses were similar to 
those obtained on stimulating the cervical sympathetic, except that there was 


no piloerection. 

The entire trigeminal nerve was cut. In one monkey the incision extende 
anteriorly to include the Gasserian ganglion. This lesion, in addition to t e 
signs described below, was followed by a herpetic eruption of the skin abou 
the eye. The signs of trigeminal nerve section were: (i) loss of the direct eorne 
reflex and of sensation over the face; (ii) decrease in pupillary diame er. 


pseudoptosis and (in) deviation of the jaw to the ipsilateral side. 

The decrease in the pupillary diameter was the result of interruption o 
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sympathetic fibers running through the trigeminal nerve to the eye. This was 
verified: (i) by lack of pupillary dilatation after instillation of cocaine (4 per 
cent) in the conjunctival sac; (ii) by absence of pupillary dilatation but pres- 
ence of piloerection on stimulating the ipsilateral cervical sympathetic chain; 
(iii) by marked pupillary dilatation following parenteral injection of adrenalin. 
The latter is a sensitization phenomenon in the pupillary dilator fibers de- 
nervated by the trigeminal nerve section. Lack of piloerection as part of the 
syndrome of sympathetic paralysis was not seen. These observations indi- 
cate that sympathetic fibers to the eye course from the carotid plexus by way 
of the first division of the trigeminal nerve. 

Cervical sympathetic chain 

Stimulation of the cervical sympathetic did not yield any visible contrac- 
tions in ipsilaterally denervated facial muscles. Eserinization did not alter the 
situation. There was not the slightest evidence of the Rogowicz phenomenon 5 
even at a period when the denervated muscles were most sensitive. Stimula- 
tion was carried out under ether or nembutal anesthesia in 6 monkeys; in 3 
the stimulus was applied above the middle cervical ganglion, in one at the 
middle cervical ganglion and in 2 at the inferior cervical ganglion. The dura- 
tion of the stimulus varied from 5 to 45 secs, and varied in intensity. 

Resection of the middle and superior cervical ganglia, with the intervening 
sympathetic trunk, and of the stellate ganglion by the posterior approach did 
not affect the fright reaction. Combined section of the ipsilateral trigeminal 
roots with the entire cervical sympathetic chain still did not inhibit the con- 
tractions of the denervated muscles observed in fright or sudden effort. The 
signs of stellate ganglionectomy in addition to the typical Horner’s syndrome 
were increase of skin temperature, redness and some swelling (vasodilatation), 
anhidrosis and piloparesis of the hand. 

To ensure interruption of all nerves which may possibly exist in the vicinity 
of the denervated facial muscles the trigeminal, chorda tympani, part of 
pharyngeal plexus, superior laryngeal, hypoglossal nerves and the entire 
cervical sympathetic chain were resected and the carotid artery denuded on 
the side of the facial denervation. In addition the vagus nerve was avulsed 
from the jugular foramen while the spinal accessory nerve was crushed. These 
procedures, carried out in several stages on the same monkey, were without 
influence on the fright reaction.* 

* The following operations were carried out in one of the monkeys (Ptosis senes No 
28): (l) Dec 15, 1937, Section of left trigeminal nerve in middle fossa, (n) Dec 22, 1937, 
Resection and crushing of left facial nerve trunk Dec 27, 1937, First appearance of the 
f right reaction in the denervated facial muscles, (m) Jan 6, 1938, Stimulation and resec- 
tion of the left stellate ganglion, (iv) Jan 13, 1938, Resection of left facial nerve scar 
and branches together with resection of left superior cervical ganglion and the greater 
part of the sympathetic trunk, carotid denudation, and resection of superior laryngeal 
nerve, (v) Feb 23, 1938, Resection of the left facial nerve scar with stimulation and re- 
section of left hypoglossal nerve, stimulation and avulsion of the vagus nerve trunk from 
jugular foramen, section of chorda tympani and branches of glossopharyngeal plexus, 
crushing and section of branches of glossopharyngeal and spinal accessory nerves, ligation 
and section of external maxillary artery; and finally (vi), Apr 1938, resection of left facial 
nerve scar tissue 
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The fright reaction could be obtained at all times so long as the muscles 
remained denervated. The facial muscles were kept denervated by repeated 
section of possibly regenerated nerves. The facial paralysis was always evi- 
dent. Electrical reactions of the facial muscles were absent. The signs of 
trigeminal nerve section persisted for months and were manifest by corneal 
analgesia with areflexia, analgesia of the face and deviation of the jaw to the 
ipsilateral side. 

The signs of cervical sympathetic paralysis were myosis, enophthaimos, 
pseudoptosis, anhidrosis, piloparesis, dilatation of the angular vein; increased 
skin temperature with redness, swelling, and anhidrosis of the hand also 
persisting for many months. In addition all these denervated sympathetic 
structures were found to be hypersensitive to adrenalin. The evidence for 
denervation of the tongue and trapezius muscles was found in their respon- 
siveness to parenteral injections of acetyleholin. The chief sign of vagus nerve 
resection was hoarseness. Thus with all these cranial and cervical sympathetic 
nerves destroyed contractions in the paralyzed facial muscles could still be 
obtained after fright. At no time was there observed any reduction in degree 
of these fright contractions. 


Discussion 

The foregoing experiments indicate that the contractions in denervated 
muscles induced by fright or sudden effort are due to a chemical agent, and, 
unless one accepts the theory that the autonomic system is a syncitium, 6 the 
source of the chemical substance is not regional. The substance is formed 
not only locally but throughout the body. Under conditions of strong emotion 
or sudden effort the entire nervous system is vigorously activated. At the nerve 
endings acetyleholin may be formed in amounts larger than usual. A portion 
of the excess of the cholinergic agent, after being absorbed into the general 
circulation, would then reach and act upon the denervated muscle in question. 

The concentration of acetyleholin when absorbed into the blood stream 
need not be large. In a monkey, weighing 2300 gms., contraction in denervated 
facial muscles was obtained by the injection into the saphenous vein of 0.2 cc, 
of a solution of 1 : 50,000 of acetyleholin in saline. This small amount was 
effective in causing a minimal visible contraction in the denervated facia 
muscles in the anesthetized (ether or nembutal), and uneserimzed monkey. 
With eserine the amount of acetyleholin necessary to bring about a minima 
contraction was less. After the factors of hydrolysis by the cholin esteiase 
and dilution by the blood stream are taken into consideration, the concentra- 
tion of acetyleholin reaching the denervated facial muscles must be at eas 
1 Xl0~ 8 gms. per cc. of blood in non-eserinized and 1 X10~ 9 or 1 XlO 10 hj 1 ® 
eserinized monkey. Such sensitivity to acetyleholin is greater than some eec 
muscles possess. It would appear that the denervated facial musce o 
monkeys is a better indicator for acetyleholin than the leech. 

Thus far attempts to recover acetyleholin from the blood 0 

frightened monkeys have been fruitless. To obtain sufficient volumes o oo 
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from active monkeys is difficult and to detect such small amounts of acetyl- 
cholin even by the esenmzed leech muscle is a procedure fraught with diffi- 
culty. 

Summary 

1. The fright reaction (contractions in denervated facial or ocular muscles 
induced by fright) was neither abolished nor diminished by resection of com- 
binations of nerves, from the third to the twelfth cranial nerves inclusive, 
and by simultaneous extirpation of the entire ipsilateral cervical sympathetic 
chain 

2. These findings exclude the possibility that the fright reaction is due to 
a local secretion of acetylchohn. The effect is probably due to a general secre- 
tion of acetylcholm-like substance with secondary diffusion through the blood 
stream. 

3. Intravenous injections of acetylcholm in the uneserinized monkey were 
effective in causing contractions in denervated muscles in concentrations less 
than 1 XlO -9 . Such small amounts of acetylcholin would be technically difficult 
to recover from blood. 

4. Intracranial section of the trigeminal nerve caused the ipsilateral pupil- 
lary dilator fibers to be sensitive to adrenalin. 
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Introduction 

On local strychninization, i.e., the strychninization of only a few (1-4) square 
millimeters, of any portion of the cerebral cortex a typical change in the 
electrocorticogram (ECG) occurs, namely the temporary appearance of large, 
rapid potential-fluctuations, or "strychnine-spikes.” In some regions of the 
cortex, for instance in the visual cortex, this change remains local, in others 
the hyperactivity induced by the strychnine does not remain confined to the 
strychninized locus, but spreads. This is especially conspicuous in the sensori- 
motor cortex. Upon local strychninization of almost any constituent area of 
this region of the cortex, strychnine-spikes appear in the ECG not only at the 
site of strychninization, but over the entire area and even in other areas. 1 

The areal distribution of these spikes differs with each area locally 
strychninized, thus revealing details of functional organization, i.e., specifi- 
cally directed functional (and obviously anatomical) relations, in the sensori- 
motor cortex. The paper just quoted presented the functional organization in 
the leg- and arm-subdivisions of the sensorimotor cortex; the present paper 
deals with a similar investigation of the face-subdivision of this region. 

METHODS 

AH experiments were performed on monkeys {Macaco, mulatto), fully anaesthetized 
with Dial;** 0.45 cc. per kilogram bodyweight, half of the dose given intraperitoneally, 
half of it intramuscularly. 

For the electropbysiological and other methodological details the reader is referred 
to the paper on the functional organization in the leg- and arm-subdivsions in the sensori- 
motor cortex. 1 

The problem of the placing of the electrodes and the strychnine presents peculiar 
difficulties in the face-subdivision. The number of areas in this region, especially in its 
precentral portion, is relatively large. The variability of the macaque’s brain is considerable 
and, finally, worst of ail, the boundaries between many of the constituent areas of this 
subdivision are not indicated by any external landmarks. For waul of •',> hunv.df 
map of the macaque’s brain, the extent and location of its sensory <-x i ■ !l 

in which the areas of the Vogts’ map of the cercopitheque’s brain (slightly modified) are in- 
dicated. It was assumed for this investigation that the cytoarehitecture of the macaque s 
cortex resembles that of the cercopitheque’s brain. The diagram of the Vogts probably 
represents an "average” picture of their findings in several animals, for they state that 
their map is based on the study of more than 100 brains of cercopitheque monkeys, bu 
"dass wir uns (aber) in den Abgrenzungen der einzelnen Felder an bestimmte, gunstig 
geschnittene und die Grenzen besonders deutlich zeigende Praparate gehalten haben , 
(p. 371). Their diagram for the cercopitheque’s brain differs in some respects from ie 
macaque’s brain, especially in the shape of the arcuate sulcus. This factor and particu ar y 

* The expenses of this investigation were defrayed by a grant from the Fluid Research 
Funds of the Yale University School of Medicine. 

f Fellow of the Rockefeller Foundation. 

** The Dial was kindly put at our disposal by the Ciba Company. 
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the absence of external landmarks for many of the areal boundaries makes experiments in 
this region of the cortex of the kind presented in this paper rather difficult Only analytical 
comparison of the configuration of the brains and careful correlation of the results of many 
experiments can help out here 

Results 

For the orientation of the reader with respect to the placing of the elec- 
trodes and the strychnine in these experiments the map mentioned in the in- 
troduction is given in Fig. X. Attention should be called to the inclusion of 
areas L 4-s, A.4-S and F.4-S. 



Fig 1 Sensory cortex of Macaca mulatta with the architectonic areas (modified) 
of the map of the cercopitheque’s brain after C and O Vogt The deviations from their 
diagram are t the introduction of the areas L 4 s, A 4-s and F 4 s, 2 the omission of the 
subdivisions of F Gb, F 3, L 6a and A 6a It should be noted that these modifications are 
based upon consideration of physiological, not anatomical evidence. 

I. F.6b. 

a. F.66/3. Local strychninization of F.6bfi "fires” this area, and 
possibly F 3, but not F.6btr, F.6a, F.4, F.l or F.2. 

b. F.6ba. Attempts to strychninize this area either produced re- 
sults like those obtained upon strychninization of F.6b/3 or those 
following strychninization of F.6a (see below sub II), with 
"firing” of F.6ba in both cases. 

II. F.6a. 

Local strychninization of F.6a "fires” itself and F.4 to a less 
extent ( i,e . with few and small spikes) and F.3, but not F.6b, F.X 
F.2. 

III. F.4-s. 

Local strychninization of the anterior margin of F.4 results in a 
temporary suppression of the electrical activity of F.4. (See Fig. 2). 

Local strychninization of F.4 "fires” itself, F.6a, F.l and to a less 
extent F.3, but not F.6b or F.2. In Fig. 3 is shown the temporary 
"firing” of F.4 and F.l following local strychninization of F.4. 
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Fig. 2. Shows the temporary 
suppression of the electrical ac- 
tivity of F.4 following local 
strychninization of F.4-s. Record 
1: before, record 2: at the height 
of suppression 11 minutes after 
this strychninization, and record 
3: 3 minutes later showing the 
return of activity. 


V. F.3. 

Local strychninization of this area "fires” itself, F.6a and to a 
less extent F.l, but not F.6b, F.4 or F.2. 


t 1 ' 



Fig. 3. Shows the temporary firing of F.4 and F.l following local strychninization of 
F.4. Record 1: control; record 2: height of "firing” 5 minutes after the strychninization; 
record 3: return to "normal” 23 minutes later. 

VL FJ - 

Local strychninization of the postcentral portion of F.l "fires 
itself and to a less extent F.6a. It suppresses the activity of F.4 
and it fails to "fire” F.6b and F.2. In some experiments a mixed 
picture of suppression with little spikes appeared in the electro- 
corticogram of F.4. In one experiment local strychninization of F.l 
resulted in a "firing” of F.4 without obvious suppression. 

VII. F.2. 

Local strychninization of this area "fires” itself and F.l (post- 
central portion), it fails to "fire” F.6b, F.6a, F.4 and F.3. 

VIII. F.7. 

Local strychninization of F.7 "fires” itself, F.2 and to a less ex- 
tent F.l, while it fails to "fire” F.4, F.3, F.6a and F.6b. 
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Discussion 

Any experimentation requiring differentiation within the face-subdivision 
of the sensorimotor cortex is difficult for want of external landmarks between 
its constituent cytoarchitectonic areas. Thus it is impossible to know with cer- 
tainty beforehand whether the strychninization or the pick-up electrodes are 
in each case confined to one particular area. Furthermore the individual varia- 
tion in this subdivision is so great that to know where the areal boundaries 
are in one animal does not help much in the next. Worst of all is the variation 
at the triple-point, where F.6a, F.6b and F.3 meet. This point is sometimes, 
as in the diagram of the Vogts, marked by a shallow dimple, in other animals 
there is no marking, in still others there is a definite, long anterior subcentral 
sulcus, usually, but not always, parallel to the fissura centralis. No cytoarchi- 
tectonic maps covering all these and other variations exist. Therefore, in 
each animal several strychninizations and several electrocorticograms from 
neighbouring loci are required in this region to obtain discrete results, for 
any one strychninization may be so performed or any pair of electrodes may 
be so placed as unwittingly to cross a boundary between two areas. Because 
the local strychninization of each of the three areas meeting at the triple-point 
results in the firing of a unique group of areas, it is ultimately possible to dis- 
tinguish the strychninization of any one of these areas from that of any com- 
bination of them. Only in the case of area F.6bo have we been unable to apply 
this diagnostic procedure, for all attempts to strychninize it always resulted 
in pictures indistinguishable from those which would have been produced if 
one or the other of the adjacent areas, F.6b/3 or F.6a«, had been involved. 

One of the major results in these experiments is that there exists a con- 
tinuation of the "strip,” our L.4-S and A.4-S, into the face-subdivision, i.e., 
that there exists a F.4-s. This area is a very narrow strip of cortex, 1 to 1.5 
mm. wide, 5 to 6 mm. long, lying behind and usually tangent to the upper 
portion of the inferior ramus of the arcuate sulcus. Its lower end is separated 
from the arcuate sulcus by a wedge of cortex whose properties resemble those 
of F.6a (see Fig. 1). In one animal F.4-S nowhere touched the arcuate sulcus, 
being separated from it by a narrow band of cortex, ca 1.5 mm. wide, which 
"behaved” like F.6a. 

Another striking result in these experiments is the observation that, 
whereas L.6a and A.6a are not fired by any other area of the leg- and arm-sub- 
divisions, F.6a is fired by F.4, F.3 and to a less extent by F.l. Moreover, 
whereas strychninization of L.6a or A.6a "fires” the whole of the leg- and 
arm-subdivision, both pre- and postcentral, the strychninization of F.6a not 
only "fires” no area outside the face-subdivision, but also fails to "fire” its 
own postcentral portion and F.6b. 

As for F.6b, while not "fired” by any other area, thus resembling L.Ga 
and A, 6a, its failure to "fire” any other area, leaves it unique in the sensori- 
motor cortex. The mixed picture in F.4 obtained upon strychninization of F.l 
and the failure of F.2 to "fire” F.4 needs a few words. In the arm- and leg-sub- 
divisions early attempts to strychninize L.l or A.l resulted sometimes in 
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these mixed pictures in L.4 or A.4. We later learned that the mixture was due 
to trespassing with the strychnine onto area 2. The same explanation may ob- 
tain for the experiments on F.l, but it would imply that in several animals 
(3 out of 6) F.l was narrower than indicated by the diagram of the Vogts. 
The one experiment in which strychninization of F.l resulted in a definite 
"firing” of F.4 and failed to "fire” F.6a stands alone and must remain unex- 
plained for the present. 

One last observation should be mentioned. In several experiments pick-up 
electrodes were put on F.4, A.4 and L.4 and strychnine applied locally to 
L.4-s, A.4-s and F.4-S seriatim. As stated previously, strychninization of L.4-s 
or A.4-s resulted in a temporary suppression of the activity of L.4 and A.4, 
without any change in the ECG of F.4. The strychninization of F.4-s not only 
suppressed the activity of F.4, but also to a less extent that of A.4, while the 
ECG of L.4 remained unchanged. This finding indicates the existence of a 
one-way functional relation between F.4-s and A.4. This is of special interest 
because in all the experiments of this series the "firing” was confined to areas 
of the subdivision locally strychninized, i.e., to areas of the face-region. 
Therefore, the suppression of the electrical activity of A.4 upon local strych- 
ninization of F.4-S is the only instance in which the functional boundary be- 
tween the face- and arm-subdivisions of the sensorimotor cortex is not re- 
spected. If the suppression from F.4-S like that of L.4-s and A.4-s occurs via 
subcortical structures and not along cortico-cortical pathways, this transgres- 
sion of the functional boundary between the face- and arm-subdivisions of 
the sensorimotor cortex is not a transgression of this functional boundary at 
the cortical level. This leaves the lack of functional boundary between L.6a 
and A.6a and L.4-s and A.4-s mentioned previously (1, pp. 73-74 and 82-83) 
as the only demonstrated hiatus at the cortical level in the functional bound- 
aries between the various subdivisions of the sensorimotor cortex. 

Summary 

1. By combination of local strychninization and recording of the elec- 
trograms of various areas of the sensorimotor cortex, the functional organiza- 
tion of the face-subdivision of this region was investigated. 

2. As previously in the leg- and arm-subdivisions, these experiments re- 
vealed directed functional relations between the various constituent areas of 
the face-subdivision. 

3. No "firing” of any area of the arm-subdivision was found upon local 
strychninization of any area of the face-region. 

4. Local strychninization of two areas, namely F.4-s and F.l (postcentral), 
temporarily suppressed the electrical activity of F.4. 

5. Local strychninization of F.4-s suppressed to a less extent also the elec- 
trical activity of A.4. This is the only instance encountered in which strych- 
ninization within the face-subdivision produced any change in another su 
division. 
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Prompted by certain difficulties of interpretation in physiological experiments 
on the splanchnic nerve of the bullfrog (Bishop, 1937), we have undertaken 
a detailed anatomical survey of the frog sympathetic system. This paper deals 
with the portion of this system which arises from the first six nerve levels, 
and includes the supply to the mesentery and gut. The course of each major 
bundle of pre- ganglionic fibers has been traced, its region of synapse located,' 
and the course of its post-ganglionic fibers determined in general. The methods 
employed have been dissection, reconstruction from sections of normal and of 
partially degenerated preparations, and recording of action potentials by 
means of the oscillograph. Stimulation of nerves in the body has indicated 
the ultimate destination and function of certain of the pathways recognizable 
in the sympathetic rami and trunks. Twenty-five bullfrogs have been em- 
ployed, from which over sixty blocks of tissue have been reconstructed from 
sections. These include five of the 2nd and 3rd nerve levels, eight of the 4th, 
eighteen of the 5th, twelve of the 6th, three of the 7th, and ten of the coeliac 
ganglion region. 

From these preparations, an anatomical and functional pattern emerges 
which, in spite of considerable variability from one animal to another, is 
rather diagrammatic in its essential relationships (Fig. 1). Considering the 
most anterior spinal nerve present in the adult as the second segmental nerve, 
this nerve connects with the sympathetic trunk usually by one or two very 
fine rami. The 3rd nerve sends one or more rami into it, and receives at least 
one bundle from it. The 4th nerve sends a ramus anteriorly toward the 3rd, 
and another posteriorly toward the 5th, and receives two rami from the 
sympathetic trunk. The 5th nerve contributes two rami, and receives two. 
The 6th contributes one ramus, chiefly to the posterior sympathetic trunk, and 
receives one. The 7th nerve contributes one ramus to the trunk, and receives 
one. Its fibers do not enter the splanchnic nerve, but a strand from the 
seventh ganglion may pass to the dorsal aorta and kidney. 

The pattern is made more obvious when the synaptic regions are taken into 
account. With a few exceptions to be noted, (i) a ramus passing to the sym- 
pathetic does not synapse in the ganglion of that level, but in ganglia anterior 
and posterior to it; (ii) the rami passing from the sympathetic to the periphera 
spinal nerves arise from ganglia at the levels of these respective nerves; (m) 
the components of the splanchnic nerve arise mainly from the third to t e 

* This work has been supported in part by a grant from the Rockefeller Foundation 
(to G.H.B.) for research in neurophysiology, and in part by a grant from the Commi 
on Scientific Research of the American Medical Association (to J.O’L.) . 
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sixth rami, and each synapses partly in the ganglion at the level next below 
it, and partly in the coeliac ganglion, or even in ganglia more peripheral along 
the sympathetic nerves. 

There are thus two histologically recognizable components from each 
level: one passing to the peripheral nerves, and one to the viscera. At the 4th 
level there may be two separate ganglia, one 


giving rise to the rami passing peripherally 
in the 4th nerve, the other containing the 
synapses of 3rd nerve fibers whose post- 
ganglionic fibers pass into the splanchnic 
nerve. 

The terms "white” and "grey” rami will 
be employed as usual to designate pre- 
ganglionic and post-ganglionic connections, 
respectively, between the spinal nerves and 
the sympathetic trunk, with the reservation 
that they cannot be differentiated in the frog 
by their color. In fact, the "grey” rami of the 
3rd to 6th nerves are preponderantly my- 
elinated, while the "white” rami contain 
many non-myelinated fibers. The histological 
and physiological results can be correlated 
through the fact that the myelinated fibers 
of the sympathetic have a lower threshold 
and a faster conduction rate than the non- 
myelinated. They give rise to a B wave, and 
the fastest of these fibers conduct at about 
21 m.p.s. in excised preparations at room 
temperature. The non-myelinated fibers give 
rise to a C wave, and the fastest of them con- 



duct at about 1 m.p.s. The two potential 
waves appearing when such fibers are stimu- 
lated are well separated after 10 mm. conduc- 
tion. Besides these two groups of fibers, a 
variable number of sensory myelinated fibers 


Fig. 1 . Schematic diagram of 
the sympathetic supply to the 
splanchnic nerve of the bullfrog. 
Sympathetic chain ganglia num- 
bered II to VII. 


course through the sympathetic; these conduct more rapidly, and the po- 


tential to which they give rise appears ahead of the sympathetic B wave, in 
the position of the 7 or 6 component of the A wave of the sciatic. 


TECHNIQUE 

Bullfrogs were operated under local anaesthesia through a ventral incision to the left 
of the midline. Either arch of the aorta could be deflected laterally, and after cutting 
through the dorsal peritoneum, roots were cut by an incision with an iris knife medial to 
the dorsal root ganglion. Sympathetic trunks and rami were completely severed with scis- 
sor. AU operations were checked by sections after degeneration from two to five months 
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were observed after stimulation at various regions. Nerves were then fixed in 10 per cent 
formol, 5 per cent glacial acetic, stained by osmic acid or silver (usually the Bodian 
(1936) technique as modified by H. A. Davenport), and cut in 7 to 10#! sections. After 
one or two months, degenerating myelinated fibers are clearly detectable in osmic, but not 
in silver; that is, the sheaths are altered but the axons are still intact. After about five 
months, fiber bundles are grossly shrunken and the axons disappear. Reconstruction X80 
were made of sectioned nerves by counting the serial sections and drawing certain of them 
in camera lucida. In the figures, areas of ganglion cells are shaded. In making these draw- 
ings, the fascicles of complex nerves are represented as lying in a plane, which distorts some- 
what their natural relationships. 

4th Nerve Level 

The relationships of the 4th nerve level will be discussed first because 
they illustrate most diagrammatically the courses of typical pathways (Figs. 




Fig. 2. Reconstruction of 3rd and 4th levels of the sympathetic chain. N, spinal 
nerve, G, grey ramus, W a , white ramus anterior, W p , white ramus posterior. Gin etc., chain 
ganglia shaded. 

Fig. 3. Legends as in 2. Multiple ganglionic masses along sympathetic, and diagram- 
matic division of 4th white ramus into ascending and descending branches, neither of which 
terminates at synapses of this level. 

2-6). The 4th nerve runs anteriorly and laterally to join the brachial plexus 
(Niv), and is crossed by the sympathetic trunk at an angle of about 30° ap- 
proximately 3 mm. from the dorsal root ganglion. Posterior to this contact, 
however, a large white ramus turns caudad from the 4th nerve and joins the 
sympathetic (W p ). A triangle is thus formed with the sympathetic as the base 
and the white ramus and the 4th nerve as two sides. Just anterior to the junc- 
tion of trunk and ramus, the main 4th sympathetic ganglion lies on the trun 
(Giv), but no 4th white ramus fibers enter it. Anterior to this, and just pos- 
terior to the crossing of the 4th nerve, the two grey rami for the 4th nerve ( ) 
arise from the main sympathetic ganglion or from small separate gang a. 
Their post-ganglionic fibers are preponderantly myelinated. At about t e 
same level, one or more white rami pass from the 4th nerve to the sympathe ic 
(Wj, where they ascend in fiber tracts which pass by the 4th ganglia withou 
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synapses. Thus, few if any white ramus fibers from the 4th level synapse in 
ganglia at that level, but the grey rami obviously have done so in large part. 

The 4th white ramus coursing posteriorly fuses with the trunk from the 3rd 
level, usually well below the 4th ganglia, to form a single bundle. Some of 
these 4th white ramus fibers synapse in the 5th ganglion, their post-ganglionic 
fibers forming the two 5th grey rami. In many preparations, a branch of the 



Fics. 4, 5, 6. 4th sympathetic level. 4 and 5 appear to have separate grey ramus 
ganglia. In 5, the motor component passes through the dorsal root ganglion and emerges 
41 *’ *' ■ . -hite ramus, and a majority of the white ramus fibers 

« _ : . ■ In 6, the descending white ramus is separate from 

ll.. 

sympathetic trunk, containing from one-third to two-thirds of the trunk 
fibers, the number varying in different preparations, passes the 5th and 6th 
ganglia entirely in a separate strand, which remains separate until it reaches 
the region of the coeliac ganglion or, in some preparations, rejoins the main 
nerve. Some of these fibers are obviously those from the 3rd level which have 
synapsed in the 4th ganglion; there may be some pre-ganglionic fibers from 
the 3rd and 4th levels which synapse in the coeliac ganglion. The 4th descend- 
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ing white ramus (W,,) contributes about half the fibers coursing between the 
4th and 5th levels. ° 

The 4th ascending white ramus (W a ) also consists of two components, one 
passing to the 3rd nerve grey rami and one to the 2nd and 3rd ganglia, from the 
former of which several strands supply the head, heart, vessels, etc. In two 
cases a fine ramus has been found from the 4th nerve parallel to but separate 
from the sympathetic trunk, ending in a small ganglion, from which two rami 
entered the 3rd nerve. No other grey rami were found to the 3rd nerves in 
these preparations, and this fine white ramus contained about one-fourth of 
the total bulk ascending in the sympathetic from the 4th level. It may be 
estimated, therefore, that something like three-fourths of the ascending 4th 
ramus fibers contribute to the supply of the head and heart region. The as- 
cending 4th nerve fibers compose a little less than one-half the total between 
3rd and 4th levels.* 

IInd and IIIrd Nerve Levels 

The 2nd nerve usually receives no grey rami from the sympathetic (one 
preparation has contained a grey ramus), but sends a very fine white ramus 
from close to its dorsal root ganglion to the 2nd ganglion. The 3rd level 
sometimes appears to contain no sympathetic ganglion in the frog, but we 
have found a variable number, from none to four (Figs. 2 and 3), strung along 
the sympathetic trunk in this region. When no ganglia are present in the im- 
mediate vicinity of the 3rd nerve, both white and grey rami pass to the 2nd 
ganglion, which in this case therefore must represent a fusion of the 2nd 
ganglion with the 3rd. Contrary to the picture at the 4th level, white rami as 
well as grey appear always to pass immediately to regions of ganglion cells, 
and those supplying the head region presumably synapse in the 2nd and 3rd 
ganglia.Those supplying the posterior regions of the body may also synapse 
there in part, for the bulk of the sympathetic trunk between 3rd and 4th 
levels, subtracting the ascending 4th white rami, is still considerably larger 
than the bulk of the 3rd white ramus. Many of the 3rd nerve fibers, however, 
synapse in the main 4th ganglion, and stimulation of these causes contrac- 
tion of the stomach. 

5th Nerve Level 

The main 5th white ramus (Figs. 7-10, W p ) contributes more than one-half 
the fibers of the splanchnic nerve. Its size is about equal to that of the 5th 

* In this and the following accounts, the statements must be taken generally , for many 
striking variations are found. For instance, in one preparation with 4th nerve and sympa- 
thetic cut anterior to the 4th spinal level, and the 5th white rami cut, there was inapprecia c 
degeneration between 4th and 5th sympathetic ganglia, or even in the stub of nerve an erio 
to the 4th ganglion. Above the cut the sympathetic trunk to the 3rd level was comp e e y 
degenerated. Both 4th and 5th sympathetic ganglia were very small, consisting on y 
scattered cells, and presumably supplied chiefly the grey rami to these levels. In this ca 
no component from above the 4th level passed to the splanchnic nerve; and the symp. 
thetic trunk between 5th and 4th levels, exclusive of the 4th white ramus, must !ia y e > _ 
sisted chiefly of ascending fibers from below the 5th level passing to the 2 nd an 
"levels. The 3rd nerve white ramus passed anteriorly toward the 2nd ganglion, and 
grey ramus was not degenerated, apparently arising from the 3rd sympathetic gang 
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sympathetic ganglion. In two series of sections they have been traced through- 
out the length of the white ramus, recognizable by a preponderance of mye- 
linated fibers but otherwise appearing merely as two fascicles among the 
many of which the ramus is composed, without anatomical demarcation from 
the rest. They arise wholly from the 5th sympathetic ganglion, with their 
pre-ganglionic fibers wholly in the anterior sympathetic trunk, the stimulation 
of which produces a B wave, but no detectable C wave in the 5th nerve 
(Bishop, 1937). In some osmicated sections, a few structures which stain 
faintly appear to be non-myelinated fibers, but whether there are more than 
could be accounted for as sections through nodes of Ranvier has not been 
determined. 

A second fine white ramus separates from the 5th trunk (W„), usually just 
below the dorsal root ganglion but always above the separation of 5th nerve 
and ramus. It contains 20 to 40 myelinated fibers, and at least twice that 
many non-myelinated. It runs parallel to the main white ramus on the side 
opposite the 5th nerve, and enters the 5th sympathetic ganglion. Its fibers 
can be traced by stimulation of the 5th trunk after cutting the main white 
ramus below the point of stimulation. A B and a C wave then appear in the 
splanchnic peripheral to the 5th sympathetic ganglion, of a few microvolts 
each, when the C wave produced by stimulation of the uncut larger ramus is 
§ millivolt. A B wave only, of some 10 microvolts amplitude, appears also in 
the anterior sympathetic trunk. No conduction takes place in the reverse 
direction, or a much smaller C wave may appear. The amplitudes of the post - 
ganglionic waves recorded are such as to indicate that each pre-ganglionic 
fiber in this ramus must synapse with a number of post-ganglionic neurons. 
No detectable effect on the musculature of intestine or mesenteric vessels has 
been observed from stimulation of these fibers, in preparations where stimu- 
lation of the main 5th white ramus caused massive contraction of stomach and 
gut and stoppage of flow through mesenteric vessels. The destination of the 
fibers ascending in the anterior sympathetic trunk is partly to the 3rd, partly 
to the 4th grey rami. 

The sympathetic often divides just anterior to the 5th sympathetic gan- 
glion (Figs. 7 and 10), and then one branch only enters the ganglion. The 
ganglion is variable in size, and in some cases its cells would seem to be suffi- 
cient in number only to supply the two components shown to synapse there, 
the fine 5th white ramus and the anterior sympathetic pre-ganglionic fibers 
for the 5th grey rami. In other cases, a larger ganglion must contain synapses 
of anterior sympathetic fibers whose post-ganglionics course in the splanchnic 
nerve and posterior sympathetic trunk. When the sympathetic divides above 
the ganglion, the strand which joins the 5th rami at this ganglion varies in 
size with the size of the ganglion. The splanchnic components from the 5 
ganglion and white ramus form a single trunk, in which, however, most of t e 
main white ramus fibers from the 5th level can be followed past the gang on 
without passing through regions containing ganglion cells. When there is a 
separate otrand from the anterior sympathetic past the 5th ganglion, i may 
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The larger of these is the posterior sympathetic trunk, the smaller passes 
along the dorsal aorta and probably supplies the kidney but not the gut, ex- 
cept in those cases where a strand is given off, as mentioned above, to the 
smaller of the splanchnic divisions. This strand, from the 6th ganglion region 
to the splanchnic, is relatively much larger in the greenfrog than in the bull- 
frog. 

6th Nerve Level 

The 6th level has two rami, one grey and one white, often fused to a com- 
mon bundle (Figs. 11 and 12), In one case two ganglionic masses corresponded 
to the junctions of these two rami with the sympathetic, in which case one 
was presumably a distinct grey ramus ganglion (see 4th ganglion, above). In 
another case, a fine ramus passed from near the 6th sympathetic ganglion to a 
small grey ramus ganglion at the junction of the 6th white ramus with the 6th 
spinal nerve (Gvia, Fig. 12). These fibers, presumably pre-ganglionic, came 
from the direction of the 5th level. Such displacement of ganglionic masses 
from their conventional positions emphasizes the anatomical distinctness of 
the spinal and visceral components of the sympathetic. 

The 6th sympathetic ganglion lies on that division of the sympathetic-5th 
ramus trunk which also contains the 5th ganglion (Fig. 11). Most of its post- 
ganglionic fibers pass into the posterior sympathetic trunk, the other divisions 
of the splanchnic containing no ganglion cells. In two cases, however, a 
ganglion has been found on the larger of the three divisions as well (Fig. 12, 
Gyi), whose post-ganglionic fibers passed into the splanchnic. The pre-gan- 
glionics apparently came from the 5th white ramus. This anomalously situated 
ganglion then represents functionally a portion of the coeliac ganglion. Since, 
however, some of the fibers from the 4th level typically synapse in the 5th 
ganglion on their way to the splanchnic, while others synapse in the coeliac, 
this extra 6th ganglionic mass bears the same relation to the 5th white ramus 
as the 5th ganglion does to the 4th descending ramus. In the usual case, few 
fibers in this strand from the 5th white ramus snyapse before they reach the 
coeliac ganglion. In some cases, few fibers from the anterior sympathetic trunk 
synapse in the 5th ganglion on their way to the splanchnic. It follows that 
the marked variability in the sizes of the 5th and 6th ganglia must be an 
anatomical variation rather than a functional one, and that those portions 
of the 4th, 5th, and 6th ganglia which correspond to the visceral components 
of the sympathetic are functionally identical with the coeliac ganglion. The 
coeliac ganglion can conversely be looked upon as consisting of portions o 
the 4th, 5th, and 6th sympathetic ganglia which have migrated distally to a 
position away from the sympathetic trunk, on the splanchnic nerve. 

7th Nerve Level 

The arrangement of the 7th level is essentially like that of the 6th, a strand 
from the 7th ganglion to the dorsal aorta corresponding to the strand om 
the 6th which divides to dorsal aorta and splanchnic. 
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Mye.lina.tion. It can be stated definitely that in the frog sympathetic many 
post-ganglionic fibers are myelinated, that certain grey rami to the somatic 
nerves are chiefly myelinated, and that their pre-ganglionic fibers are similarly 
myelinated. In the 5th ganglion, myelinated pre-ganglionics apparently 
synapse with both myelinated and non-myelinated post-ganglionics, judging 
by the general appearance of the fascicles in favorably distributed plexuses, 
without detailed fiber counts. In the coeliac and other ganglia there are cer- 
tainly many pre-ganglionic non-myelinated fibers synapsing with similar post- 
ganglionics. In the peripheral nerves the myelinated fibers must innervate the 
vessels and glands of the skin, but their stimulation in the splanchnic does not 
cause constriction of vessels of the mesentery, nor contraction of the gut. 
What evidence we have points to a difference of function correlated with 
presence and absence of myelin, but we have not pursued the matter further. 
The present findings are consistent with the previous inference (Bishop and 
Heinbecker, 1930) that the B wave is that of myelinated autonomic fibers, 
the C wave that of non-myelinated fibers. 

In several small strands with 3 to 300 myelinated fibers each, sections were 
followed through 3 mm. of nerve, and no cases were observed where mye- 
linated fibers lost their myelin sheaths except locally at nodes. While this 
limited finding is not very conclusive for nerves containing thousands of 
fibers, it does indicate that loss of myelin is not of general enough occurrence 
to confuse the histological picture of degenerating nerves stained with osmic 
acid; nor of normal comparative counts. 

Origin of white ramus fibers. It has appeared from previous fiber counts 
(Lucas and Miksecek, 1936) that a majority of the fibers of the 5th white 
ramus originated in the dorsal root ganglion. In our preparations after de- 
generation of both roots, there is so little loss in the white rami that it cannot 
be certainly detected, although the motor nerves show about half the mye- 
linated fibers degenerating. This is consistent with the estimation from the 
fiber counts of the numbers of fibers contributed to the rami by motor root 
and ganglion components, respectively. Further, in favorable preparations 
where the degenerated motor component ran through or past the ganglion to 
mix with the dorsal component only well below it, the ramus bundle could 
be traced definitely into certain well-defined regions of the ganglion contain- 
ing small cells, separate from the regions where most of the large sensory fibers 
had their cells of origin. The small white ramus, also, (W a ) not only leaves the 
trunk before the level at which motor and sensory fibers have significantly 
intermingled, but it arises from the trunk on the side opposite to the motor 
bundle, can be traced into the region of small fibers in the ganglion, and does 
not degenerate after section of the roots. Since physiological experiments 
indicate that this fine ramus has synapses in the 5th sympathetic ganglion, 
it seems to contain fibers whose cells of origin are in the dorsal root ganglion 
but which synapse as motor fibers in outlying ganglia. In cases where the 
5th ramus can be traced fairly distinctly through the splanchnic to the coeuac 
ganglion, large ganglionic masses appear on the fascicle representing it. T e 
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possibility, however, that here one pre-ganglionic fiber might supply many 
cells of the coeliac ganglion renders the observation less critical than that 
concerning the smaller ramus to the 5th sympathetic ganglion. 

Root stimulation. Stimulation of both 5th roots in the normal preparation 
has been reported (Bishop, 1937) to induce in the splanchnic only a small C 
wave, and no B wave, while stimulation of the trunk below the dorsal root 
ganglion produced a C wave 10 X as high, and a pronounced B. We have here 
observed the results on gut contraction of similar stimulations. Stimulation 
of the roots causes slight or no contraction of the stomach and gut in our 
preparations; stimulation below the ganglion causes massive contraction. 
Contractions of the gut have been reported {Steinach and Wiener, 1895) 
following dorsal root stimulation in greenfrogs. We find this only if the elec- 
trodes are close to the ganglion, and the currents employed only such as to 
cause heating and drying of the roots at the electrodes. Such currents would 
presumably spread from the roots into the ganglionic mass. 

That this is the explanation of presumed dorsal root activation of the 
gut seems more probable from the following fact. If roots of either 4th or 
5th level are pulled slightly, even after crushing close to the ganglion, good 
contractions of the stomach and gut follow, almost comparable to those ob- 
tained by stimulating trunks below the ganglion. The effect is concluded to be 
from mechanical stimulation of the ganglion itself, and not of root fibers as 
such. Since we obtained responses from blood vessels only when the roots 
are undegenerated, but responses from the gut due to stimulation peripheral 
to the ganglion in any case, the response of blood vessels serves as a check 
on the intactness of the roots. 


Discussion 

No evidence has been obtained about how these fibers from the dorsal root 
ganglion, capable of activating the gut, receive stimuli in the normal body. 
The objection to these responses being considered as "antidromic,” as various 
dorsal root responses have been termed, is that the fibers concerned appear not 
to be afferent, since they do not enter the cord. Further, the work of Tonnies 
(1938) on "reflex” responses over the dorsal roots raises the question whether 
"antidromic” is a suitable term to apply to any impulse setting up a peripheral 
effect. Its use here, as elsewhere, could only serve to cover our ignorance 
concerning the functioning of these fibers, and would suggest a similarity with 
the action of fibers which traverse the dorsal roots, which is premature, to 
say the least. We are, therefore, postponing specific conclusions concerning 
function until further experiments have been conducted. 

Summary 

In further investigation of fibers in the sympathetic nerves of the bullfrog, 
whose cells of origin lie in the dorsal root ganglia, but appear not to send cen- 
tral processes into the roots, the fiber pathways through the sympathetic 
system have been traced by reconstructions from serial sections and by 
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physiological recording of action currents. Nerve degeneration procedures 
were carried out on roots, rami, and trunk. 

As a general pattern, with exceptions as noted, the "white” rami from a 
given level do not have synapses in the sympathetic ganglia of that level, 
but pass to ganglia at least one level above or below. There are typically two 
white ramus components, ascending and descending in the trunk from a given 
level. 

The "grey” rami (post-ganglionic) of the 4th and 5th levels consist almost 
exclusively of myelinated fibers, with myelinated pre-ganglionics. 

The splanchnic nerve is made up of rami from the 3rd to 7th levels, the 
5th contributing about half the total. Some of the splanchnic fibers arise from 
cells in the 4th to 7th sympathetic ganglia, some in the coeliac ganglion and 
some are pre-ganglionic past the coeliac plexus, the positions of the synapses 
of these fibers being very variable. The coeliac ganglion can be looked upon, 
therefore, as consisting of parts of the chain ganglia which have migrated 
further along the fiber pathways. When, as often occurs, there are few cells in 
the coeliac ganglion proper, ganglia still further peripherally along sympa- 
thetic strands presumably represent the same functional elements. 

A small white ramus at the 5th level can be traced into the dorsal root 
ganglion, does not degenerate after section of the roots, and its fibers have 
synapses in the 5th sympathetic ganglion. The larger white ramus at this level 
consists predominantly of fibers similarly originating in dorsal root ganglion 
cells. Most of these fibers course as far as the coeliac ganglion without 
synapses. Their stimulation after degeneration of the roots causes contraction 
of the gut, but not of mesenteric blood vessels. 
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Principal Observations 
Lesions essential for release of the tonic neck reflexes 

Neck reflexes can be demonstrated in the thalamic monkey (Magnus, 
1922). Such preparations (labyrinth intact) exhibit a characteristic postural 
pattern which varies in predictable fashion when the animal’s position is 
changed in space; thus when lying in the lateral position the undermost ex- 
tremities are extended, the uppermost flexed; and the head tends to be ele- 
vated toward the horizontal position, especially during the grasp (Pig. 1); 



Fig. 1 . A macaque in the thalamic reflex status, but with normal labyrinths. Note 
that the head tends to be held off the table and that grasping is present only in the upper- 
most extremity. 


when turned over the entire pattern reverses. For convenience these stereo- 
typed attitudes have been referred to as "the thalamic reflex pattern.” The 
pattern appears when certain specific cortical projection systems are inter- 
rupted. Thus Bieber and Fulton (1933, 1938) observed it in macaques from 
which areas 6a (upper part) and 4ab of the Vogts had been removed bi- 
laterally (Fig. 2). In such preparations they also found that the grasp reflex 
formed a part of the postural pattern, being more strongly present in the 
uppermost limbs and weaker, or absent, in the under limbs when the animal 
lay on its side (Fig. 1). They inferred from this and other evidence that the 
grasp reflex is a part of a generalized postural reflex pattern which can be in- 
fluenced by the labyrinthine, the body righting, and presumably also the nec 
reflexes. Bieber and Fulton (1933, 1938), however, were able to demonstrate 
tonic neck reflexes consistently in only one of their bilateral area 4-an - 
preparations; they therefore concluded that some projection systems o ler 
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The grasp reflex changes in intensity with the animal’s position in space, 
being well developed in the flexed uppermost extremities when the animal 



Fig. 4. A. The same animal as in Fig. 3 showing neck reflexes on rotation of the head to 
the right. B. The same a few seconds later with head rotated to the le . 

lies in the lateral position and absent in the undermost extremities (see above). 
Studies of the neck reflexes indicate that the grasp reflex is invariably seen in 
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is well marked. Furthermore, any postural reaction, whether originating from 
neck or body, that produces increase of a flexor posture in an extremity also 
causes intensification of the grasp reflex; any postural reaction causing increase 
in extensor posture causes diminution of the grasp reflex. The grasp reflex in 
primate forms thus becomes a part of the postural reflex mechanism. 
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The electrodes used were slightly different from those previously described (Clark 
and Ward, 1937). Cortical injury was reduced to a minimum by having the electrodes 
pressed firmly against the pia-arachnoid, causing only a slight indentation rather than 
breaking through. The stigmatic electrode was constructed of a platinum wire fused into 
a small glass tube with its end rounded in a flame and the wire filed flush with the rounded 
surface of the glass. The other end of the platinum wire was enlarged with a drop of solder 
for contact with the stimulating leads. The wire-containing glass tube was then fitted 
tightly into the threaded end of the stainless steel tube by means of a short segment of 
rubber tubing. Only the rounded part of the glass (about 1 millimeter) protruded from the 
threaded end of the steel tube. The remaining construction of the electrode and that of the 
contact plug with its leads from the stimulating apparatus was similar to that previously 
used. 

Results 

Rhythmic and non-rhythmic movements elicited from specific cortical 
points were studied in the various cats. In general, rhythmic movements 
may be divided into two parts; the first part is not rhythmic and moves the 
responding leg (the extremity affected by the cortical stimulus) into a position 
from which the second part of the movement, the rhythm, occurs. "Batting” 
and "digging” are examples of such movements elici table from the motor 
cortex of cats. In a given animal, with currents of proper strength, the rhythm 
of these movements develops each time only after the responding leg has been 
moved by the non-rhythmic portion of the movement (or by hand) into 
approximately the same position. Ordinarily this position for "batting” is 
one of partial protraction of the shoulder, partial extension at the elbow and 
supination of the paw. This position will be called the "final position” for the 
sake of convenience and for other reasons to be brought out later. In other 
animals the stimulation of their respective cortical points often evoked simple 
movements such as flexion or extension with no rhythm. For these move- 
ments, also, a "final position” was elicited if the stimulus were of the proper 
length and strength. The final position for such movements usually appeared 
to be at the maximal extent of movability of the responding leg in the direc- 
tion of the movement, i.e., maximal extension or maximal flexion, but this 
was not always the case. Repeated experiments indicated that under similar 
conditions of posture and strength of stimulus, the final position for a given 
cortical point exciting a rhythmic or a non-rhythmic movement was always 
the same. Stated in another way, the response elicited from a single cortical 
point was always similar when the same conditions of posture and technic 
of stimulation obtained for each stimulus. 

Variations of the elicited movements induced by altering 
the position of the responding leg 

Figs. 1 and 2 illustrate the variations obtained by stimulating points 
that produced non-rhythmic and rhythmic movements, respectively, w. en 
the position of the responding leg was altered between stimuli. In eac in- 
stance the stimulus was stopped as soon as the character of the movemen 
was ascertained. In cat 24 (Fig. 1) the response was a movement carrying the 
right foreleg into a final position of extension with some shoulder protrac ion. 
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this time less than it had been for the first response. The response was like 
that obtained with the first stimulus, i.e., downward, indicating extension and 
protraction, toward the final position. These results could be repeated a 
number of times without fatiguing the cortical point stimulated if one-minute 
intervals were maintained between stimuli. Similar results are illustrated in 
Table I in which a larger number of responses are included. 
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Fig. 2. Cat 31. See text for description of the figure. 

From these three examples it is evident that various muscles can be 
brought into play at different times as a result of stimulation of a single cor- 
tical point merely by altering the position of the responding leg prior to the 
application of the stimulus, and it appears that the stimulation of a cortical 
point elicits movements that convey the responding leg into a position specific 
for the point stimulated, i.e., the final position. 


Latency variation initiated by altering the position of the 
responding leg in relation to the final position 

The variations in latency (the time between the beginning of the stimulus 
and the onset of movement) that occur with responses elicited by currents of 
fixed strength from a single cortical point are great if the stimulus is of the 
proper intensity. Invariably an alteration of the length of the latency accom- 
panies an alteration in the initial position (the position of the leg when the 
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stimulus is applied) of the responding leg. This is illustrated in the following 
examples for both rhythmic and non-rhythmic movements In cat 24 (F)g. 1) 
the movement elicited was simple extension and the final position was near 
or at maximal extension of the responding leg. For the first stimulus when the 
leg was placed farthest from this position, i.e., flexed against the body, the 
latency calculated from the coordinates in the figure, was short (0.4 seconds). 
With the leg in an intermediate position between flexion and extension for the 
second stimulus, the latency was longer (1.0 seconds), and for the third re- 
sponse with the leg almost fully extended and approximating the final posi- 
tion, the latency of the response was found to be longest (2.4 seconds). 


Table 1 


Stimulus 

Position of Responding Leg 
When Stimulus Was Applied 

Response 

Latency 

1 

Partially flexed 

Extension 

4 3 sec 

2 

Protracted and extended 

Slight flexion (with- 
drawal) 

8 4 sec 

3 

Protracted and extended 

Slight flexion 

8 0 sec 

4 

Flexed 

Extension 

4 0 sec 

5 

Retracted and flexed 

Protraction and 
Extension 

3 9 sec 

6 

Hexed, less than in No 1 

Protraction and 
Extension 

6 4 sec 

7 

Strong extension 

Flexion 

4 9 sec 

8 

In final position 

Rhythmic batting, 
slow, began with 
adduction and sup- 
ination of paw 

10 4 sec. 

9 

Flexed against body 

Extension 

2 8 sec 


Cat 36 Rhythmic batting was ehcitable in this animal with a long stimulus of 2 5 
volts In most instances, however, the current was applied only long enought to induce a 
partial response The cat was lying on its left side and the left motor cortex was stimulated 
through a permanent electrode A stop watch was used to measure the interval between the 
application of the stimulus and the appearance of the movement, i e , the visible latency 
of the response 

As pointed out above, the final position for rhythmic batting is often 
somewhere between full extension and full flexion, and the length of the la- 
tency is dependent again on the position of the leg when the stimulus Is applied 
relative to the final position initiated fay the stimulus, regardless of whether 
the starting position of the leg is on one side or the other of the final 
position. Thus, in the first response of Fig. 2 (cat 31; the movement, 
rhythmic batting) the leg, when the stimulus was applied, was farther from 
the final position than in either of the other two responses, and the calculated 
latency of the extension that occurred was the shortest of the three (0.3 
seconds). For the second response the leg was extended slightly beyond the 
final position and flexion occurred with the stimulus after a long latency (1.3 
seconds). For the third response the responding leg was flexed and a distance 
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from the final position intermediate to the other tests The f xi 

extension that occurred was also intermediate (0.65 seconds) A 

TW P V Sh0W \ by the latencies 0f each 0f the -spores feted ‘ 

J?® ^ rtm ? were regularly altered and the results demonstrate 

“'f' K not a fecto *» ** changes in the latencies at success™ « 
dehvered at one-mtnnte mtervals. It is obvious front these and siS “ 


Table 2 


Stimulus 

Number 

Strength of 
Stimulus 
(volts) 

1 

1.5 

2 

1.5 

3 

1,5 

4 

1.1 

5 

1.1 

6 

1.1 

7 

1.1 

8 

1.1 

9 

1.1 

10 

1.1 

11 

1.1 

12 

1.1 

Results below obtained the foil 

1 

1.3 

2 

1.3 

3 

1.3 

4 

1.3 

5 

1.3 

6 

1.3 


Latencies 


Head right 


8 


Head center 


Head left 


6 

5 

4 

5 


41 


Stimulus applied about 10 seconds. 

j r *8bt motor cortex was stimulated at approximately one-minute intervals, 

f. a . ? r ® ac response the responding left foreleg was replaced as nearly as possible in 
e original position. The response was a simple extension and protraction. The cat’s atten- 
tion was attracted to one side or the other or to the front as indicated in the table. While 
e ea was m a given position, the stimulus was applied and the moment at which 
movement was noted in the responding leg was recorded. The figures in the three right 
- , C ,? u , mn . s the latencies in seconds of the various responses. In the last series it is 
no e that with the stimulus used no response was visible when the cat’s head was turned 
away mm the responding leg while it appeared consistently when the head was turned 


ments that the length of the latency of a response is related to the distance of 
the initial position of the responding leg from the elicitafale final position de- 
creasing as the leg is placed further (in any direction) from the observed final 
position. 

Effect of variation of position of the head on the final position 

That the position of the head of the animal affects the final position 
elicited is evident from the following experiments. When the head of cat 24 
was turned to the right as it lay in a hammock or prone on the table at the 
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moment of application of the stimulus, the stimulus caused the responding 
right foreleg to be extended and to abduct With the head turned to the left 
the next stimulus caused extension accompamed now by adduction The 
extension ehcited with the head in the midhne was not associated with either 
abduction or adduction Care was taken to see that the shoulders did not shift 
with changes in position of the head Rhythmic movements, such as batting, 
could be affected similarly by changing the position of the head The batting 
movements were thus directed to either side or to the front by appropriately 
turning the head to one side or the other or by allowing it to remain forward 



Fig 3 Cat 25 See text for description of the figure 


when the stimulus was apphed Further, raising the head during the stimulus 
led the responding foreleg to flex more at the elbow so that the batting took 
place on a higher plane than before Lowering the head similarly caused bat- 
ting in a position more nearly under the animal These observations make it 
appear that the leg final position ehcited from a fixed cortical point shifts 
with the head position so that it follows the nose of the animal Similar results 
were obtained with the animals blindfolded 


Effect of the position of the head upon the latencies 
of the responses 

During experiments conducted on cat 24 while it was lying sphinx-like, 
there were variations m the latency of the responses of the foreleg which 
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appeared to be related to the position of the cat’s head during stimulation. 
Examples of such results are recorded in Table 2. They indicate that the 

latency is shortest when the head of 
the animal is turned (lateral flexion) 



TIME IN SECONDS 
LATENCY 1.0 SEC. 


Fig. 4. Cat 25. The animal was lying 
prone in a body cast with its legs freely 
movable. It had received 10 milligrams of 
nembutal two and one half hours prior to the 
experiment (in other experiments it has been 
observed that approximately 15 milligrams 
per kilogram of body weight will cause a loss 
of the placing reactions in the cat for only 
thirty to forty minutes). The right motor 
cortex was stimulated with currents of fixed 
strength (1.75 volts) at one-minute intervals. 
For the first response (marked with a number 
9) the cat’s head was down and in the midline. 
The response was simple extension of the leg 
occurring after a calculated latency of 1 sec- 
ond. The cat’s head was then raised so that the 
nose-occiput angle was 45° above the hori- 
zontal and held there for the second stimulus. 
This response (marked with the number 10) 
contained in it some protraction with the 
extension, and the calculated latency was 0.5 
seconds. 


toward the responding leg and 
lengthened when the head is turned 
away from it. Kymographic records 
of the responses elicited from cat 25 
(Fig. 3) show a similar relationship. 
A point on the right cortex was stim- 
ulated with currents of fixed strength 
(4.25 volts) at one-minute intervals. 
The response, extension in the left 
foreleg, is indicated by an upward 
movement in the figure. The first 
five responses were obtained with 
the head turned towards the right 
and show longer, calculated laten- 
cies than do the later ones. This oc- 
curred even though in the later tests 
the initial leg position was closer to 
the final one, so favoring a longer 
latency. 

A number of responses, about 10 
each in one experiment, were ob- 
tained with the animal’s head turned 
to either side and the latencies aver- 
aged for each position. These records 
also showed that the latency when 
the head is turned away from the 
responding leg is about 10 per cent 
longer than when turned toward it. 
Such observations were not obtain- 
able in all animals studied. 

The length of the latency was 
also altered characteristically by 
holding the head in a raised or 
lowered position. As is shown in 
Fig. 4, the latency is shorter when 
the neck is extended and longer 
when it is flexed forward. The ani- 
mals were quiet in these and other 
similar experiments. 
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Effect of deafferentation of the responding leg on 
latency of responses 

In two animals the lower five cervical and the first two thoracic dorsal 
roots on the right were sectioned extradurally. The general pattern of the 
responses elicited in the deafferented leg of each animal during several weeks 
after its operation was similar to that obtained before, but the movements 
were jerky and poorly coordinated. Rhythmic batting was elicited in one of 
the animals. Other than the jerkiness of the movements, the only effect of 
the dorsal root section was to make remarkably constant the latency of the 
response for a given strength of stimulus regardless of the initial position of 
the responding leg. Increasing the strength of stimulus shortened the latency. 

Effect of bilateral section of the first four dorsal roots on 
the final position and on latency 

Because the final position elicited from a given cortical point appeared 
to shift so as to follow the nose with changes in the position of the head, the 
first four cervical sensory roots were sectioned on both sides (motor and sen- 
sory components of the first and the second nerves were cut outside of the ver- 
tebral canal at their exit from the latter, and the dorsal roots of the third and 
fourth cervical nerves were sectioned extradurally). In two animals tested 
during two weeks after operation, turning the head to either side or flexing 
or extending it did not produce the normal shift in the elicited final position, 
and latencies with currents of fixed strength were independent of head posi- 
tion. These findings were repeated frequently in the two operated animals 
during the two weeks of their survival. 

Effect of environment on the latency of the responses 

Bubnoff and Heidenhain (1881) have shown in dogs anesthetized with 
morphine that the latency of a response elicited electrically from the motor 
cortex is shortened by a few hundredths of a second as a result of coincident 
cutaneous nerve stimulation. Variations of remarkably greater magnitude 
were observed in the present experiments on unanesthetized cats as a result 
of normal cutaneous impulses or by auditory stimuli given just prior to the 
cortical ones. Figure 5 illustrates this in cat 37, a normal animal. The cat 
was lying on its left side, and the left cortex stimulated at one-minute intervals 
with a current of fixed strength (2.5 volts). The response in the right foreleg 
was retraction at the shoulder and flexion at the elbow. The letters under the 
responses indicate the following: JR , the animal was undisturbed for about 
1 minute; P, the cat was rubbed briskly 10 seconds before the application of 
the stimulus; and S, a sharp sound was made a few seconds before the appli- 
cation of the stimulus. Similar results to those shown in the figure could be 
obtained repeatedly with stimulation of the cortex. It is evident from the 
variations in latency demonstrated in the figure, that unusual noise or 
handling of the animal may reduce their length by almost one half. The 
state induced by these procedures lasts for a variable interval from a few 
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seconds to minutes depending on the disposition of the animal. In the cited 
experiments, the original latencies were obtained after a one-minute respite. 
Such vacillation of the latency under the influence of various environmental 
conditions may be of considerable importance in determining a threshold for 
cortical points in the unanesthetized or lightly anesthetized animal. 
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Fig. 5. Cat 37. See text for description of the figure. In the first three responses 
the stars indicate the moment of application of the stimulus, and the arrows indicate the 
beginning of the response. 

Discussion 

The question of the stability of a motor cortical point in relation to the 
movement elicited from it by electrical stimulation has been of great interest 
not only in the study of cortical physiology but also in the study of pathologi- 
cal 'states which involve the cortex and deal with cortical localization of 
function. It has been shown (Clark and Ward, 1937, p. 16) "that the same 
response can be elicited from the same cortical point from day to day, and 
(the experiments) argue against any marked instability of cortical points 
except under the temporal influence of transient physiological states. This 
generalization is borne out by the present experiments, which demonstrate 
some of the fundamental factors responsible for alterations in the movemen s 
elicited by electrical stimulation of fixed cortical points in unanesthetize 
animals. 
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It appears that neither specific muscles nor specific movements are neces- 
sarily represented under specific points on the motor cortex, although the 
same movements can be elicited repeatedly at will by stimulation of a cor- 
tical point if the posture of the animal is unaltered. Rather, electrical exci- 
tation of a cortical point causes the responding leg to assume a more or less 
constant position. This position has been called the final position, and the 
movements that occur in attaining it may be many and varied, depending on 
the position of the responding leg prior to the application of the stimulus. 
Further evidence that such a point specificity exists in the cortex is found in 
the observations that the length of the latency of the responses varies inversely 
to the distance of the initial position from the final one. 

The explanation for the constancy of latency' (with fixed stimuli) after 
deafferentation of the responding leg is not clear. It is evident, however, 
that the variation in latency associated with initial position of the responding 
leg is dependent upon the proprioceptive afferents of that leg. This suggests 
that tone is an important factor in controlling latency; especially since Sher- 
rington (1921) has shown that tone is fundamentally associated with a pro- 
prioceptive reflex. As further evidence, the animal’s general state of excite- 
ment (general bodily tone) often determines the length of latency, and also 
increased activity of tonic neck reflexes tends to shorten the latency, other 
factors being constant. 

The effect of the tonic neck reflexes was first demonstrated on a back- 
ground of extensor hypertonus in the decerebrate animal by Magnus and de 
Kleijn (1912) and later (1915) in certain pathological conditions in man. 
Lissitza and Pentzik (1934) have studied the effect of the tonic neck reflexes 
on the contralateral legs of conscious dogs for a few days after removal of 
cortical area 4 on one side. Hines (1937) has observed the influence of these 
reflexes on the posture of the legs in a monkey as long as 20 months after the 
bilateral removal of areas 4 and 6, exclusive of the face areas. In the present 
experiments changes in the position of the head have been shown to cause a 
shift in the final position, which seems to follow the nose of the animal. Most 
of the change occurs at the shoulder girdle. This dependence of final position 
on head position is lost if the sensory fibers of the first four cervical nerves 
are cut bilaterally, thus again demonstrating the importance of the neck 
reflexes. Somewhat similar changes in the position of the leg in rhythmic ac- 
tivity are caused by slight shifts in the position of the stimulating electrode 
in acute experiments on anesthetized cats (Ward and Clark, 1935). An al- 
tered electrode position, however, cannot explain these results in the conscious 
animal since the shift in final position is lost after deafferentation of the upper 
cervical region. This relationship between the head position (acting through 
the sensory fibers of the upper cervical nerves) and the final position of the 
leg demonstrates how postural reflex activity may cooperate with cortically 
initiated activity to insure coordinated responses with the least effort on the 
part of the higher centers. 

The differences in latencies of individual responses, which result from 
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altered head position, were often variable and small. Nevertheless, the inter- 
pretation that they are the result of tonic neck reflexes acting on the respond- 
ing leg is strengthened by the fact that deafferentation of the neck muscles 
(supplied by the first four cervical nerves) obliterates them. The variability 
in the results might be explained on the basis of an altered state of excita- 
bility of the animal at the moment of stimulation; because, as has been shown, 
the level of excitement has a marked influence on latencies for successive 
stimuli at a given cortical point. Sherrington (1920, p. 232) has said that, 
"The tonic reflexes of attitude are of habitually low intensity, easily inter- 
fered with and temporarily suppressed by intercurrent reflexes, these latter 
having higher intensity.” Even though the "reflexes of attitude” persisted in 
such a field, their intensity is so low that their comparative influence from 
stimulus to stimulus could easily be masked by the more potent effect of this 
rapidly changing general excitatory (emotional) state of the animal. 

The question of a possible effect of the labyrinths on the latency of re- 
sponses and on changes in the final position with altered head positions nat- 
urally arises. No experiments were done directly to test their effect. The ob- 
servations on the influence of head position were made when the head was 
stationary; and, except when the head was in a raised or a lowered position, 
the nose-occiput angle with the horizontal was approximately the same in 
each instance. Figure 4 may find part of its explanation in the effect of the 
labyrinthine mechanism because Magnus (1924) has shown that a greater in- 
crease in tone is occasioned in the forelegs by this mechanism when the head 
is back ("plus 135°”) than when it is bent forward ("minus 135°”). Since 
changes in the position of the head produced no effect on the final position 
or on the latencies after deafferentation of the upper cervical region, it seems 
likely that the labyrinthine mechanisms do not play an important part in 
these processes, at least under such conditions. 

Numerous methods have been employed to determine how skeletal muscles 
cooperate to produce smooth and effective motion. These have been pre- 
sented in complete form by Tilney and Pike (1925) who discuss the relative 
merits and demerits of the various procedures. Using the method employed 
by the Sherrington School, in which the leg was fixed and strings were fas- 
tened to the detached tendons of antagonistic muscles so that their move- 
ments were recorded simultaneously, they observed irregular variations in 
the simultaneous activity of the antagonistic muscles of the leg, induced by 
electrical stimulation of the motor cortex. It appears likely that this varia- 
bility was due to altered proprioceptive impulses coming from the antago- 
nistic muscles whose tendons had been cut; for with a given initial posture 
of the responding leg (normally innervated) and a known final position elici- 
table from a particular cortical point, we can predict for each stimulation t ie 
resultant contractions of groups of muscles in terms of movement and even 
the relative latency of the responses. 
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Summary and Conclusions 

1. Under fixed conditions of posture, localization of function in the motor 
cortex appears to be constant in that a specific "final position” is elicited in 
the leg affected by the stimulus 

2. By altering the position of the responding extremity over a wide range, 
before each stimulus to a fixed cortical point, the movement elicited may be 
altered and even reversed, but the same final position will be attained each 
time (other postural factors constant) 

3. Differences in latency of responses for different initial positions of the 
responding part support the conception of a final position. 

4. The final position is modified by certain postural reflexes. 

5 The latency of responses is markedly influenced by the general emo- 
tional state of the animal at the moment of stimulation; thus a variability 
of the "threshold” of cortical points can occur even with currents of fixed 
strength and for fixed postures 
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Introduction 

Ablation of the motor and premotor regions (areas 4 and 6 of Brodmann; 
Fig. I) from the cerebral cortex of the adult monkey profoundly affects motor 




Fig. 1. A. Diagram of cerebral cortex of Macaco mulatto showing approximate bound- 
aries of the areas extirpated: the ’'motor” regions, r.e., motor and premotor areas; and the 
regions not primarily concerned with motor function, i.e., the frontal and parietal areas. 
B. M-*n of the cerebral cortex of Macaco mulatto. (Modification of Brodmann’s 
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In a previous series of experiments 6 it was shown that in the adult monkey 
after any cortical lesion a number of factors affect the rate and extent of motor 
recovery. Bilateral ablation of areas 4 and 6 deprives an adult of virtually all 
"volitional” movement; yet, if one part of either area remains, some purpose- 
ful movements are regained. So, although discrete parts of the motor area are 
known to integrate isolated movements of face, arm or foot, each part of the 
motor area appears, in addition, to be capable of mediating reactions in other 
extremities. 

There is evidence in addition that cortical fields other than areas 4 and 6 
play a part in elaborating motor activity; thus primary removal of the frontal 
association areas, or of the parietal lobe, has little effect on motor perform- 
ance; yet if one or more of these regions is removed in conjunction with areas 4 
and 6, the resultant disability is greater and lasts longer than in animals in 
which areas 4 and 6 alone are destroyed. 6 The slight recovery appearing after 
bilateral ablation of areas 4 and 6 may owe its existence to these regions. The 
duration of the interval between successive ablations also directly affects 
ultimate motor capability. When the interval is long enough to allow the 
maximum recovery, a second operation is followed by less deficit; when per- 
formed earlier, paresis is greater. 6 

In the infant monkey all the factors which affect recovery in the adult 
also obtain; but in infants, the extent of recovery after any given cortical 
ablation is always much greater than in the adult. The present paper is con- 
cerned with a study of this restitution of function and with the identification 
of the regions, either cortical or subcortical, responsible for mediating the 
highly skilled acts which develop in infant monkeys in the complete absence 
of the classical motor cortex. 


TERMINOLOGY AND METHOD 

For purposes of exposition the cerebral cortex may be divided into two parts: (i) the 
areas of accepted motor function and (ii) the remainder of the neopallium in which motor 
activities are ordinarily overshadowed by other functions. (Fig. 1.) The "motor” regions 
consist of the motor and premotor areas (i.e., areas 4 abc and 6 ab upper part of the Vogt’s 
modification of Brodmann’s map, Fig. IB), which, in the adult monkey, are essential for 
purposeful movements. The regions of less conspicuous motor function are: (i) the frontal 
association areas (areas 8-12 of Brodmann) i.e., all cortical tissue in the frontal lobe rostral 
to the "motor” areas; (ii) the postcentral gyrus (areas 3-1-2) and part of the posterior 
parietal lobule (area 5 of Brodmann). It is recognized that area 8, the motor region for 
conjugate eye deviation, is also a motor area, but for various reasons it has been placed 
in the second category, since its effect on the motor performance of the extremities with 
which this paper is chiefly concerned is insignificant. 

Observations have been made on 15 infant monkeys, 12 rhesus ( Macaca mulatto.) and 
3 baboons ( Papio papio) born in Laboratory. The procedure consisted in removing por- 
tions of cortical tissue from one hemisphere under ether anesthesia, during the fourth 
week of life. The infants were then allowed to develop without further operation until the 
sixth month, or thereafter, when cortical regions were removed from the second hemisphere. 
Detailed records (written and photographic) were kept of motor performance, behavior 
and development; abstracts from representative histories are recorded in the protocols 
below. Histological studies are being made of the tissue removed at operation, and fro® 
the brains after autopsy. These will be reported in detail later when the studies of the 
animals now living have been completed. 
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Experimental Data 

The normal infant macaque has a relatively high degree of independent 
motor function at birth as compared with man and anthropoid. All new born 
monkeys cling unaided to their mothers and suck at the nipple a few minutes 
after birth; they continue to exhibit these behavior patterns for the first few 
weeks of life. Although there is considerable variation in motor ability — 
which generally appears to correlate with the weight and size of the infant at 
birth— all new born infants placed on a fiat surface will promptly right them- 
selves and a few are able to stand somewhat unsteadily and on a broad base. 
By the second week they can stand and crawl, but still with tremulous un- 
certainty and they begin to bite at solid food. During the third week pro- 
gression is more accurate but the grasp reflex and the tendency to cling is 
still dominant Shortly thereafter, during the fourth or fifth week, purposeful 
use of the hands begms. At this age, voluntary release of grip appears, the 
infants leave the mother, and move about exploring objects and touching 
them with the face or hands They do not begin to feed or use the hands or 
to pick up objects until the middle or end of the second month. In this series, 
therefore, lesions made during the fourth week of life occurred at a time when 
voluntary movement was minimal, and when the stereotyped motor per- 
formance of reflex grasping and of climbing was still dominant. 

Unilateral ablations 

In the following experiments, unilateral cortical ablations were made on 
5 infant rhesus monkeys, during the fourth week of life. Three of these animals 
(Expts 1, 4 and 5) are reported also under Bilateral ablations following re- 
moval of tissue from a second hemisphere at the age of 6 months or more. 

Experiment 1 — Ablation of left motor and premotor areas on 21st day of life, transient 
contralateral weakness without spasticity, awkward prehension until 2nd operation at 6 
months (Infant senes, no 1J 

The subject of the experiment was an infant born in the Laboratory of a M. mulatto 
mother, November 27, 1933. (Mentioned previously in preliminary report as Premotor 
Series, no 28® ) In the third week of life it showed, before operation, marked reflex grasping 
in all four extremities, together with the ability to climb and to walk slowly and un- 
steadily 

Operation ( Dec 18, 1933 ) — On the 21st day of life the left motor and premotor areas 
were ablated (excluding the face areas, motor and premotor) 

Postoperatuc notes 1st day — The animal was well recovered from the operation and 
walked and climbed surprisingly well The following differences jbetween the right and 
left extremities were seen the left were moved more often and more accurately than 
the right, there was some weakness of grip on the right, but forced grasping seemed as 
strong on this side ns on the left, the right extremities were slightly more extended than 
the left Tiiere was no increase in resistance to passive manipulation It was then returned 
to its mother, and clung m the normal manner 

9th day -The infant was again removed from the mother and examined The motor 
performance seemed in every way identical on the two sides There was no postural dif- 
ference, and the right hand and foot were used as quickly, as often and as accurately as 
the left Bilateral forced grasping was still present but less marked than at the previous 
examination General motor conduct had become slightly more intricate with the growth 
of the infant 

56th day Forced grasping had disappeared on both sides Motor performance was 
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much more highly developed, but still did not reach the degree of skill and accuracy of the 
adult macaque. With increase in dexterity of the hands for finer movements a difference 
between the right and left became noticeable. Although general behavior seemed equal on 
the two sides, on walking, the right arm and leg were occasionally raised higher than the 
left with the right hand everted and extended; the right hand was not used as often as the 
left for prehension, and the fingers of the right hand were not used quite as well as those 
of the left. 

6th month . — The above differences were still discernible, and it was noted that the 
slight overstepping of the right and the preference for the left hand were increased by 
fatigue. Resistance to passive manipulation was not increased on the right. A second abla- 
tion was then performed (See below Bilateral ablations, Expt. 1, cont.). 


The motor deficit resulting from removal of all the motor regions of one 
hemisphere in this infant was slight both immediately following operation 
and as growth proceeded. The changes immediately after the operation con- 
sisted of a weakness and tendency to use the affected extremities less than 
those of the normal side. At the end of six months a slight postural hyper- 
extension and eversion of the extremities were present, together with a ten- 
dency to use the normal hand more than the affected one; there was also an 
awkwardness in manipulating the fingers of that hand. Spasticity did not 
appear. Neither the degree of paresis, nor the spasticity seen in this animal 
was at all comparable with that which occurs after a corresponding lesion in 
the immature macaque or in the adult in which conspicuous and enduring 
spastic paresis develops following a similar ablation. 6 

The next experiment was carried out to compare the effects of a lesion of 
areas 4 and 6 with that following ablation of the entire frontal lobe. 


Experiment 2. — Ablation of left frontal lobe on 28th day of life; deviation of head and 
eyes to left, slight weakness of right limbs without spasticity; fine movements of digits still lost 
at 6 months ( 2nd operation ) . [Infant series, no. 5] 

The subject of the experiment was a M. mulatto born April 23, 1937. At four weeks 
it still retained its infantile grasping and sucking reactions, much as did the previous animal 
Operation {May 21, 1937).— On the 28th day of life, the entire left frontal lobe was 
removed under ether anesthesia ( i.e ., all tissue rostral to the sulcus centralis) . 

Postoperative notes. Sth hour. — Within 5 hours of the operation the motor status was 
as follows: the head and eyes were deviated toward the left, there was slight facial asymme- 
try and the left extremities were moved more quickly and spontaneously than those on the 
right; rhythmic progressive movements were made equally well on the two sides. Except 
for head turning, there was little abnormality in posture save that the fingers of the nght 

hand tended to flex and curl under slightly more than those of the left. 

30th day. — The deviation of the head and eyes had disappeared; motor coordination 
had improved and the infant was beginning to use its hands for feeding. It was then to be 
seen that the left hand was used more quickly and more accurately than the right. 1 here 
remained, under excitement, a trace of turning of the head and eyes. Thumb sucking, m 
this as in other animals, was an indication of motor performance: a thumb sucker since 
birth, this animal sucked only its left normal fingers after the operation; when restraine 
in this, it attempted to suck the right thumb, but since the right fingers all moved toge i , 
it was impossible to place a single digit in the mouth. , 

During the ensuing four months prior to the second operation, the monkey s i 
little further recovery. Resistance to passive manipulation was not increased on 
operated side. 


The motor deficit resulting from removal of the entire frontal lobe in 
infant consisted principally of its tendency to use the normal rather than e 
paretic extremities — particularly in thumb sucking; fine movements o e 
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affected fingers were less well performed than normal. There was also a slight 
postural difference between the fingers of the two sides, but no spasticity. 
The motor performance of the first few weeks was markedly altered because 
of the deviation of the head and eyes. Indeed, comparison with Experiment 1 
indicates that there was no significant difference in motor performance be- 
tween the two, except for the deviation of head and eyes in Experiment 2, due 
to inclusion of area 8 in the ablated tissue. 

In the next experiment only the motor area (area 4) was removed. 

Experiment 3 — Ablation of left area 4 on 26th day of life, slight postural change on right 
disappearing in 10 days, no other disability, 2nd operation at 6 months . {Infant senes, no 
13] 

This infant was born of M . mulatto parents on May 12, 1937. and developed normally 

Operation ( June 7, 1937). — -The left motor area (area 4 alone) including face area was 
removed on the 26th day of life 

Postoperatiuc notes — As the animal came out of ether, it was noted that, '’when it 
vocalizes and struggles all four extremities are moved spontaneously in contrast to the 
movement following area 4 and 6 extirpations which is ipsilateral only. The movements 
of the right extremities are far less accurate and more extended than those of the left ” 

1st day — There was some eversion of the right hand and foot, but posture m standing, 
running and walking was otherwise normal Forced grasping was slightly more intense on 
the right than on the left Spontaneous movements were as numerous and as rapid on the 
right as on the left side 

10th day — Motor performance of the two sides seemed equal Posture was normal, 
fine movements were well performed with both hands, and the right thumb was sucked as 
often as the left Performance at this stage was still infantile in that the animal fed itself 
by moving its mouth to the food without the use of either hand. From that time on no 
difference between the extremities of the two sides was detected. Placing and hopping 
reactions were bilaterally present 

Ablation of the motor area alone in this infant caused only a temporary 
motor deficit, consisting of a slight inaccuracy of movement on the right, and 
some postural asymmetry. There was spontaneous movement on the right, 
which at all times was as great as on the left. Ten days after operation no 
difference could be detected between the two sides, and thereafter fine move- 
ments were as well performed on the right as on the left. Placing and hopping 
reactions were bilaterally present. The deficit here was much less severe than 
in those animals in which the premotor area had also been ablated, and it 
was less severe than in the adult after ablation of area 4, in which paresis, 
particularly of the fine movements of the hand, persists indefinitely. 

It was thought that in the previous types of operation, dissection of the 
motor regions might not have been deep enough to remove all Betz cells and 
that functioning motor cortex might remain. For this reason in the next 
infant, the postcentral gyrus (areas 3-1-2 and 5 of Brodmann), as well as 
areas 4 and 6 were included in the block removed, care being taken to cut 
well below the central sulcus. 

Experiment 4.— Ablation of left motor, premotor and parietal regions on 18th day of life, 
weakness, awkwardness and eiersion of right extremities without spasticity, residual impair- 
ment of digital movements at 7 months {2nd operation) . [Infant series no 4J 

This infant Macaco mulatto was horn August 12th, 1036 

Operation (Aug 30, 1936), — In the third week of life, the left motor, premotor and 
parietal areas (areas 4 abc and 3-1-2). 
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Postoperative notes. — Immediately following operation there was no greater change 
in the performance of the contralateral extremities than that which appeared in previous 
experiments after removal of motor and premotor areas alone. No differences were evident 
between the extremities of the two sides when climbing, but, as in the preceding animals, 
it exhibited on the right some postural changes, and overstepping when progressing on a 
flat surface. It had acquired the habit of sucking its thumb, but, after operation, sucked 
the left thumb only, and that constantly for the next six months. No sensory deficit to 
touch or pain could be demonstrated. With the appearance of more intricate behavior 
patterns the motor deficit on the right became more marked; awkwardness of the right 
hand in picking up objects, occasional overstepping and missing of aim with the right ex- 
tremities were noted. Resistance to passive manipulation was the same on the two sides. 
At 7 months the remaining motor, premotor and postcentral regions were extirpated (see 
Bilateral ablations, Expt. 4, cont.). 


Ablation of the left motor, premotor and parietal regions in this infant 
was followed by (i) some awkwardness in the use of the right extremities, 
(ii) a tendency to use the fingers of the normal hand in preference to those of 
the abnormal, (iii) overstepping and dysmetria of right extremities — a symp- 
tom which increased in severity with the appearance of more intricate be- 
havior patterns. There was no increase in resistance to passive manipulation. 

Comparison of the protocols of the present animal and two others with a 
similar ablation suggested that the infants having postcentral ablations in 
addition to motor and premotor, showed slightly greater deficit than did 
those with lesions of areas 4 and 6 alone. The difference is, however, in- 
considerable but the overstepping and awkward use of the hands were noted 
more often when the postcentral regions were also removed. 


Experiment 5. — Left hemispherectomy on 28th day of life ; slight right hemiparesis with- 
out spasticity; deviation of head and eyes toward left; residual tendency to circle toward left and 
use left hand for skilled acts. [Infant series no. 17 1 

This infant Macaca mulatto born June 29, 1937, showed in the third week of life a 
little more highly coordinated type of behavior than was present in other infants at this 
age. Voluntary grasping of objects had appeared and walking and running were fairly 
rapid, although still executed with less skill than that shown in adult behavior. 

Operation { July 29, 1937). — In the fourth week of life the entire left hemisphere was 


removed under ether anesthesia. 

Postoperative notes. 1st day. — By the end of the day walking and eating were well 
carried out. Movements on the left were quicker and more accurate than on the right- 
Forced grasping, still present before the operation, was marked on the left and diminished 
on the right. Groping and clinging were excessive. There was extreme deviation of the head 
and eyes to the left which was accentuated by excitement or interest. 

2nd day.— It could feed and care for itself. Circling was prominent and sensory deficit 
could be shown by a difference in response to touch of one as compared with the other si e 
of the body, and by the fact that in walking, the right extremities assumed bizarre pos 
tures sometimes getting "lost” and tangled in the cage bars. There was no increase in 
resistance to passive manipulation of either side. The right extremities were often e 
more extended than the left. A curious cat-like crouching gait developed in this as m 
another hemidecorticate infant, and all motor progression was slowly and cau ious y 

undertaken. . , , , 

30th day. — Some circling toward the left remained. The right hand was used Je 
often than the left, the right extremities were occasionally hyperextended with over- 
stepping” on rapid progression or with fatigue. Placing and hopping reactions were a 
on the right. There was no spasticity and motor coordination was in every other way q 

on the two sides. ... , „ n( j 

Eight months after operation this motor status was unchanged. 1 he rig 
premotor areas were then removed. (See Bilateral ablations, Expt. 5, cont.) 



REORGANIZATION OF MOTOR FUNCTION 


483 


This hemidecorticate infant showed, following operation, a tendency to 
use the left (normal) hand more than the right, and some hyperextension of 
the right arm and leg. The right hand could be used for fine movements, but 
not as welt as the left. Movements were slower than is normal, and there was 
a crouchmg gait, hut no spasticity; deviation of the head and eyes and turning 
were present throughout the first month, although these symptoms gradually 
diminished in intensity. Again, differences noted between the effects of differ- 
ent lesions were shght. Comparison of the protocols of this animal and a 
second hemidecorticate infant with those of animals having smaller lesions 
indicate that there is a trifle more overstepping in the hemidecorticate and a 
little longer duration of symptoms than in infants with area 4 and 6 lesions, 
or in those with the added postcentral ablation 


Bilateral ablations 

In the four following experiments the results of bilateral cortical ablations 
are described In each instance the first extirpation was made upon an infant 
monkey during the third week of life; the tissue was removed from the op- 
posite hemisphere at a second operation during or after the sixth month of life. 

Experiment 1 ( cont ) — Ablation of right 
motor and premotor areas at 6th month, great 
increase in motor deficit ivith spasticity, sen 
atim ablation of right and left frontal areas in 
4th year, increase of spasticity and awkward 
ness after each operation [Infant series no 1) 

At the age of three weeks, the left motor 
and premotor areas had been removed from 
this infant (see p 479) At 6 months the 
residual changes consisted of a tendency to 
use the contralateral extremities less than the 
ipsilateral for fine movements, and a tend- 
ency to overreach with the right extremities 
Second operation ( May 28, 1934) — At 6 
months the remaining (right) motor and pre- 
motor areas were removed (Fig 2) 

Postopcratue notes 1st day — The motor 
deficit was great on both sides, but greater 
on the left than the right The animal was 
able to walk and feed itself, all movements 
were slow, but walking and climbing were well performed Forced grasping, absent since 
the second month of life, returned and was greater on right than on left Voluntary prehen- 
sion was possible on the right but not, at this time, in the fingers of the left hand The 
posture on the left was more in extension than normal and with excitement or fatigue this 
difference increased and the abnormal movements became exaggerated The tendency to 
cling and climb, present in the infant, returned and persisted for many months The 
animal walked on a broad base 

1st week — Improvement in motor coordination was great running, walking and climb- 
ing were well executed, although not as rapidly nor as skilfully as in the normal six-months 
infant The left extremities were more extended than the right, and there was some in- 
crease m resistance to passu e manipulation on both sides The fingers were not used for 
feeding although both hands could grasp small objects 

3rd ueek — The hands were used in feeding, the tendency to climb and hang persisted 
and the slight hyperextension and spasticity remained 



Fig 2 (Expt 1 ) Diagram of cere- 
bral cortex of Maeaca mulatta showing the 
four ablations made on Expt 1 
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7th week. No change had been observed; forced grasping could still be brought on 
and at this time the ability to jump long distances and to spring in the air, which later 

became prominent parts of behavior, were first noted. ‘ 

8th week. The protocol reads: "The motor performance has improved markedly. 
It runs more quickly and moves more accurately. Climbing is performed in the normal 
way, but performance on a fiat surface is now almost normal. There is still a noticeable 
awkwardness in manipulating fine bits of food which seems to be equal in extent in the 
extremities of both sides.” The animal’s ability to groom at this time is shown in Pig. 3. 





„ J 


Fig. 3. (Expt. 1.) Infant macaque following bilateral ablation 
of areas 4 and 6, showing "flea-picking” act (grooming). 


This animal was observed in the Laboratory for three years during which time, lack- 
ing motor areas in both cerebral hemispheres, it was able to perform ordinary cage activi- 
ties and to grow and mature. During this time the motor deficit became a little more pro- 
nounced. 

3rd year . — The following abnormalities were noted: Posture of the extremities in 
walking and running was "spastic,” i.e., extremities were held more rigid, hands and feet 
were everted, overstepping was seen; all movements were slower than normal; the tend- 
ency to cling and climb had remained; in feeding the finger movements were less accurate 
and less discrete than normal. 

Third operation {Mar. 5, 1937 ). — The remainder of the right frontal lobe (areas 8-12) 
was removed (Fig. 2). 

Postoperative notes . — Following this procedure the disability in the extremities be- 
came much more marked on both sides, but it was greater left than right. The legs became 
as rigid as poles, and conspicuously everted. The left hand was not used for feeding and 
the right was used awkwardly and not until the third postoperative week. Turning of the 
head and eyes, and circling toward the side of the lesion also appeared, presumably due to 
removal of area 8. All motor acts were carried out slowly and for a time after the operation 
the animal showed such a high degree of hypokinesia and apparent confusion, that, for 

several days, it had to be fed by pouring liquids into its mouth. 

6th month . — The confusion had entirely disappeared by the end of the ensuing six 
months, but there had been little improvement otherwise. Climbing and clinging were 
prominent. Resistance to passive manipulation, especially flexion, was intense at ail 

Fourth operation (Nov. 18, 1937). — The remaining left frontal areas 8-12, were then 
removed. Following this, the spasticity and tendency to climb and cling were unaltered, 
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as was posture, but the left hand was used somewhat better than the right; the right 
extremity, indeed, showed, for a time, no voluntary movement whatsoever, and hypo- 
kinesia became extreme. The animal would not move for days after the operation, except 
when grossly stimulated. It made no attempt to feed or swallow, so that feeding by stomach 
tube became necessary for a time. During the succeeding 8 months there was gradual 
recovery and speed of reaction slowly increased. It became able to feed itself and to pick 



Fig. 4. (Expt. 1.) Enlarged photographs of macaque from moving pictures taken Dec. 4, 
1937 after removal of all frontal lobe tissue, showing posture and use of hands. 


up objects with either hand (Fig. 4) . The spasticity and bizarre posture with rigid extremi- 
ties remained. All movements were exaggerated and poorly coordinated. This animal is 
still alive (October, 1938) at the age of almost five years. It is now a mature female in ex- 
cellent nutritional state and with normal menstrual cycles, able to feed itself and exist in 
a cage in spite of extreme motor disability. It feeds by bringing its face down to a pan in 
which food is placed. When excited it springs wildly in the air, usually falling on its back, 
and for the rest of the time is found clinging solemnly to the bars of the top of its cage. 

Extirpation of the remaining motor and premotor tissue from a six-months- 
old macaque, from which one motor region had previously been removed at 
three weeks, was followed by marked bilateral increase in motor disability, 
greater on the side contralateral to the second operation; it consisted of in- 
ability to perform fine movements of prehension; there were also postural 
changes involving hyperextension and eversion of the extremities and moder- 
ate increase in resistance to passive manipulation. The subsequent extirpation 
of the remaining tissue from first one and later the other frontal lobe produced, 
after each operation, a great increase in the above deficits, together with 
hypokinesia, deviation of the head and eyes and a seeming apathy and con- 
fusion. 
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Experiment 4 (cont.) .—Ablation of right motor, premotor and parietal regions during 7th 
no4]’ Hateral s P astlnt y and postural changes; ", scissorsgait ” and contractures. [Infant series 

The changes in motor status ensuent upon ablation of the left motor, premotor and 
postcentral regions are reported above {p. 481). During the 7th month a residual impair- 
ment of the fine movements in the right extremities remained. 

Second operation (Mar. 17, 1937 ).— The second (right) motor, premotor and parietal 
regions (areas 6a upper part, 4abc, 3-1-2 and 5)were then removed (Fig. 5). 

Postoperative notes. 1st week . — During 
the week following operation adequate motor 
performance developed: running and walking 
were moderately rapid, but they were exe- 
cuted on a wide base and with greater exten- 
sion of the left than of the right extremities. 
There was a slight increase in the tendency 
to climb and cling, and forced grasping, al- 
though difficult to induce, was demonstrable 
once the animal grasped an object, it had 
difficulty in releasing its grip. There was a 
minor increase in resistance to passive manip- 
ulation of the limbs and the right hand was 
used for feeding. The animal tended to "lose” 
its limbs, particularly those of the left side, 
so that they became entangled in its bedding 
and in the bars of the cage. It stopped suck- 
ing its thumb, since it was unable to place the 
thumb in its mouth. 

1 Oth day. — Bilateral deficit was still pres- 
ent as it had been during the first postopera- 
tive days, but resistance to passive manipulation had increased especially on the left. 
The hind legs were beginning to be flexed and adducted, necessitating a "scissors” gait, 
later extreme. There followed a gradual intensification of spasticity and bizarre posture. 

2nd month . — The hind legs had become greatly scissored (Fig. 6), the hands were used 
little in feeding and an enormous exaggeration of all motor response, as in jumping, or in 
the startle reaction to fear, appeared. 

First year . — The notes record a gradual augmentation of the disability due to develop- 
ment of contractures and of an intense degree of spasticity. The animal now (August 
1938) climbs and clings rather more than a normal monkey of its age. It walks with exag- 
geration of all movements and springs enormous distances (6 to 8 feet) having little control 
over the extent of its motor response. It feeds itself, usually reaching with its mouth for 
food, although either hand may be used for prehension. Individual movements of the 
fingers are not demonstrable. 



Fig. 5. (Expt. 4.) Diagram of cere- 
bral cortex of Macaco mulatta showing 
areas extirpated in Experiment 4. 


Bilateral ablation of motor, premotor and parietal regions in this animal 
was followed by a severe motor disability. Although the animal could walk, 
climb and feed itself, gait and posture were grossly altered. Spasticity was 
conspicuous together with contracture, scissors gait and great limitation of 
the movements of the fingers. The disability in this animal and in two other 
infants (baboons) following the removal of the same areas, was far greater 
than that which results from the bilateral removal of the motor and premotor 
areas. The adductor spasm and scissors gait were characteristic of all three o 
these animals and of no others in this series with lesions elsewhere. 

Experiment 6.— Ablation of left motor and premotor areas during 4th week of life; re- 
sidual slight awkwardness in use of fingers. Right hemispherectomy ; bilateral spasticity, 
forced grasping and circling toward the right. [Infant series no. 7j 
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Tic 6 (Expt 4 ) "Scissors gait” appearing after bilateral ablation 
of motor, premotor and postcentral regions 

Removal of the left motor and premotor areas from this infant, born April 5, 1935, 
during the fourth week of life was followed by minimal motor disturbance, such as is de 
scribed in Experiment 1 A year and a half later the animal showed normal posture and 
cage behavior with no spasticity and with reflexes equal on the two sides It tended to use 
the left hand more than the right and placing and hopping reactions were absent in the 
right foot 
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Second operation. (Sept. 30, 1936). — The right hemisphere was then removed in its 
entirety under ether anesthesia (Fig. 7) . 

Postoperative notes. 1st day. — The animal 
was able to right itself and stand and walk. 
There was bilateral motor deficit, but its be- 
havior was more nearly like that of a hemide- 
corticate adult than an animal with bilateral 
motor and premotor area ablation. It circled 
always toward the right and ate food carried 
to its mouth by the observer. All four extrem- 
ities exhibited increased resistance, the left 
more so than the right, and there was more 
resistance on flexion than on extension. 
Forced grasping had also reappeared, and 
was greater on right than left; all movements 
were slow and uncertain. Eating was done 
rapidly and quite automatically, chewing at 
times continued after all food was swallowed; 
at other times food was held indefinitely in 
the mouth. Placing and hopping reactions 
were everywhere absent. 

1st week. — Speed and accuracy of move- 
ment were slightly increased, but the type of performance was unchanged. Forced grasping 
and circling toward the right were so extreme that purposefully directed movement was 
almost totally prevented. The hands were never used for voluntary prehension. 

1st month. — The pattern of motor acts was again unchanged, except that some in- 
crease in speed of movements had once more taken place. 



Fig. 7. (Expt. 6.) Diagram of cortex 
of Macaco mulatto showing regions ex- 
tirpated. 


The removal of an entire hemisphere after previous ablation of motor and 
premotor areas was followed by a profound, although not totally disabling, 
motor deficit. Residual motor function enabled this animal to stand, walk 
and eat, but spasticity and the loss of coordinate movements of prehension 
prevented the performance of all the fine motor acts. The deficit was greatest 
on the side opposite the hemispherectomy and the disability was extreme. 
The alteration in motor performance in this animal, from which the major 
part of the remaining cortical tissue was removed when aged a year and a 
half, was more extreme than in any other animal in this series following any 
lesion, (Fig. 8). It never regained prehension up to the time of its death six 
weeks after the second operation. The extremities contralateral to the second 
operation, the hemispherectomy, were the most disabled. 

Experiment 5 ( cont .). — Left hemispherectomy during 3rd week of life; residual over- 
stepping and awkwardness of right fingers. Ablation of right motor and premotor areas in 6th 
month; marked bilateral motor deficit, greatest on right, with spasticity, eversion of extremi- 
ties, and awkwardness in prehension. [Infant series no. 17] 

The changes in motor performance ensuent upon left hemispherectomy in this infant 
are described above (p. 482). Seven months after this first operation there was no spas- 
ticity and no postural or motor deficit, except for slight awkwardness in the right fingers, 
and some overstepping on the right side. 

Second operation (Mar. 4, 1938) . — The right motor and premotor areas were then re- 
moved (Fig. 9) . . 

Postoperative notes. 1st day. — The animal walked and fed itself. Marked deficit was 
present in the motor behavior of all four extremities. This was much greater on the right, 
ipsilateral to the recent operation; thus the note says: "Yesterday, before the second opera- 
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Fig. 8. (Expt. 6.) Characteristic posture of Macaca mulatto and brain of same animal 
photographed at autopsy showing lesion of motor and premotor areas on the left and the 
hemispherectomy on the right. 
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tion, the deficit m the extremities due to the left hemispherectomy had practically dis- 
appeared. Today this deficit has almost completely reappeared and the animal on first 
inspection has the appearance of an eight-months infant which has had only a left hemi- 
spherectomy. Head and eyes are once more deviated to the left and the animal circles to the 
left, as it did after the first operation. Motor progression is slowly and clumsily done, 

but the right extremities are more extended 
than the left. The left hand is used in prefer- 
ence to the right.” There was no spasticity, 
and hopping and placing reactions were ab- 
sent on both sides. 

2nd day . — Motor progression had im- 
proved but was still slow and incoordinate, 
the right arm and leg being more extended 
than the left and less manageable. Feeding 
was usually done by approximating the 
mouth to food, but the left hand assisted fre- 
quently by shoving and grasping loose bits. 

1st week . — The left hand was well used 
for feeding. Gait was described as "rocking” 
and on a "broad base” with the tendency to 
hop, jack-rabbit fashion, instead of running. 
There was slight increase in resistance to pas- 
sive manipulation, equal on the two sides. 

4th week . — Speed of movement had in- 
creased, but posture was still grossly abnor- 
mal. The left hand was used in preference to 



Fig. 9. (Expt. 5.) Diagram showing 
left hemispherectomy and ablation of 
motor and premotor areas. 


the right but the right could also now be used at times. On both sides, the fingers were 
moved awkwardly and all together. Deviation of the head and eyes had disappeared. 

This animal continues (August 1938) to maintain an adequate existence with two 
other animals in the cage, being able to run (Fig. 10), feed, climb and play, although obvi- 
ously lacking a normal smoothness of coordinate motor performance. Chiefly noticeable 
are the tendency to walk on a broad base with extension, and the eversion of hands and 
feet. The left hand continues to be more accurate than the right; resistance to passive 
manipulation is only moderately increased and is equal in the two sides. 


Spasticity, increase in extensor posture, and marked limitation of finer 
finger movements appeared after extirpation of motor and premotor areas 
secondary to a hemispherectomy. The deficit was greatest on the side opposite 
the first operation of hemispherectomy. The second operation reproduced the 
deviation of the head and eyes toward the side of the first operation. In this 
animal, as in the preceding one, the greatest motor deficit was on the side 
opposite the hemispherectomy. The total deficit was far less than in the pre- 
vious animal from which the hemisphere was removed as an adult. Thus, 
degree of deficit in these two animals has specifically to do with age at the 
time of operation. In an adult, in contrast, severity of paresis is always directly 
related to the brevity of the interval following operation; and the side opposite 
the most recent lesion is always the most profoundly affected. 

Discussion 

It has long been recognized that cortical lesions made on young animals 
have less effect on behavior than have similar lesions in adults of the same 
species. In 1866, Vulpian, 12 discussing hemidecortication, advised the use o 
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young animals since "they stand the procedure better . . . than do adult 
animals” (p. 677). In 1875 Soltmann 10 found that puppies deprived of one 
hemisphere develop a highly coordinated motor performance with little differ- 
ence between movements of the two sides. And in man it has been consistently 
observed following birth injuries, or other congenital deficiency of brain tissue, 
that the degree of motor paresis is often small when compared with the effects 
of a similar lesion in adults. Tsang" has recently found that the ability of 



Fig 10 (Expt 5 ) Showing posture of 7 months old Macaca mulatto following 
ablation of left hemisphere and of right motor areas 


adult rats to solve mazes following cortical ablations is proportional to the 
amount of tissue removed, but that the rat operated upon in infancy will 
show the same degree of deficit in performance after removal of 50 per cent 
of cortical tissue, as does the adult following removal of only 7.4 per cent. 

The experimental data presented in this paper amply confirm this striking 
quantitative difference between restitution of motor function in the adult and 
in the infant animal. Two regions in the central nervous system may be re- 
garded as capable of mediating motor function in the absence of the true 
"motor” areas: (i) the other areas within the cortex, or (ii) subcortical "cen- 
ters.” At the time of the primary ablation motor function in these infant 
macaques must be chiefly subcortical, and it might he supposed that in the 
absence of the higher motor areas these older centers would then develop more 
complex motor patterns. It is possible that they do, yet the present data indi- 
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cate that the more complex motor performance of the infant as compared 
with the adult, which develops in the absence of motor areas, is mediated 
chiefly through other regions of the cerebral cortex. 

In the adult the chief cortical motor projections influencing an extremity 
originate in the motor and premotor areas of the opposite hemisphere. The 
ipsilateral motor and premotor areas are known to affect motor performance 
and since there is also slight but definite recovery after removal of all motor 
and premotor cortex, contralateral regions other than areas 4 and 6 may also 
exert some influence. But, since, in the absence of areas 4 and 6, the perform- 
ance of the adult is little more complex than that of the infant, in which 
cortical influence is minimal, the effector pathways of the cortex in the adult 
must be limited chiefly to the motor and premotor cortex; and residual motor 
performance after their ablation must be due largely to subcortical centers, 
as in the "thalamic” animal. 

The chief motor pathways from the cortex of the young animal also come 
from the contralateral motor areas. However, in their absence motor per- 
formance develops to almost normal limits in the growing and developing 
animal (Expts. 1, 3 and 6) and ablation of the motor areas from the ipsilateral 
side will then produce motor deficit about equal on the two sides (Expts. 7 
and 8). Thus, in the absence of contralateral "motor” areas, the ipsilateral 
"motor” regions of the infant become more effective than those of the adult. 
Similar influence can also be seen in the non-motor regions where tracts from 
frontal association and postcentral regions of the infant may have an im- 
portant influence on motor performance (Expts. 1 cont., 5 cont., and 6). The 
influence of the postcentral regions is obvious from Experiment 4 in which 
following bilateral removal of motor, premotor and postcentral areas greater 
motor deficit appeared than in animals with motor and premotor ablations 
only. 

Time of onset of motor function in the cortex 

The motor and premotor areas of the three-weeks-old infant clearly par- 
ticipate in reflex motor acts since: (i) their removal results in definite, though 
slight, alterations in performance; (ii) removal of the motor area alone pro- 
duces less change; while (iii) removal of other areas, such as the occipital 
lobes, have at this age no effect on motor status. (The latter observations 
were made on two infants operated upon for another purpose, and not in- 
cluded in this series.) 

However, during the third week of life, motor performance is evidently 
largely subcortical. It is of simple and limited pattern, chiefly composed of 
automatic components such as grasping. It is only slightly affected by cortical 
lesions which in older animals produce greater effect, and, with the later ap- 
pearance of more intricate patterns of performance, the deficit becomes 
intensified; that is, as the cortical type of performance becomes dominant, 
the increase in deficit, though small, is manifest. Stimulation of the motor 
area in these 15 animals produced motor response in only 9. The responses 
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differed from those of the adult in that a stronger stimulus was required to 
produce movement, and the movement was always generalized i.e., the entire 
limb or side, rather than the discrete response of a finger, or joint, characteris- 
tic of stimulation of area 4 in the adult. Soltmann” reported these same differ- 
ences on stimulation of cortices in young and adult cats and dogs. 

Physiological evidence indicates that conjugate movements of the eyes 
and head turning are early under cortical control. In the adult, after lesions 
of area 8 in the frontal lobe, deviation of the head and eyes, and consequent 
circling in progression develop. The same result is obtained after lesions in the 
infant, and, in contradistinction to the results of lesions elsewhere, it is a 
severe and enduring change which closely approaches the corresponding 
paresis of an adult. In Experiment 5 the transient head and eye deviation 
toward the side of the lesion (left hemispherectomy) was reproduced six 
months later, and in the same direction, by extirpation of the contralateral 
areas 4 and 6 which in the adult have no effect on eye movements. 

Anatomical correlations 

Since many of the animals in this series are still alive and histological 
material is not yet complete, a detailed correlation of anatomy and physiology 
will be reported later. The relation of the development of function with 
myelinization is still uncertain, although in all vertebrates it is agreed that 
fully developed motor coordination appears only with myelinization. Artom* 
has observed myelinization in two macaques, one new born and one three 
weeks of age, and has compared his findings with those of Mingazzini in a 
baboon of three weeks. In none were the corticospinal tracts myelinated. The 
present data fit well with two theories discussed at length by Langworthy, 7 
namely, that myelinization occurs in proportion to use, and that, as it starts 
nearest the cell bodies, the shorter axons are complete first. The relatively 
high degree of functional activity of the cortical eye center as compared with 
those of the limbs would thus be explained, for shorter tracts in organs such 
as the eyes which are used early are here involved. 

The histological structure of the cortex is consistent with the existence of 
motor function in postcentral and frontal association areas; for in the post- 
central region Betz cells and other large motor cells appear in the fifth layer 
and in the frontal areas. Area 8 and the caudal part of 9 contain a motor type 
of cell, although smaller than those of the postcentral areas. In the infant, the 
cortical layers are less well differentiated as are the individual types of cell, 
a factor which may be correlated with the lessened specificity of function of 
the cortex at this age. 


Neurological changes 

Spasticity. The problem of the development of spasticity or of increased 
resistance to passive manipulation is of interest. In general, rigidity and spas- 
ticity were absent up to 6 months of age after unilateral lesions made in in- 
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fancy; a second lesion of the opposite hemisphere caused immediate though 
moderate increase in resistance bilaterally. This gradually increased over a 
period of months as the animal grew older. The rigidity was extreme, and 
followed by contractures in three animals having bilateral removal of motor, 
premotor and postcentral regions, and in the animal with all the frontal lobes 
of both sides removed. This late development of rigidity may in some way be 
related to the phenomena fully discussed by Langworthy 5 although appearing 
at a different age, namely, that young animals (kitten, guinea pig and opos- 
sum) when decerebrate, do not develop rigidity, but show extreme hyper- 
activity and rhythmic progressive movements. Later, at a time which cor- 
relates roughly with myelinization, decerebration will produce rigidity in the 
same species. The hemiplegias of young human infants are not, in general, as 
spastic as are those of adults, but little is known about the intensity of this 
factor in relation to age in man. 

Posture. The stance and posture of these animals following various extir- 
pations was so constant as to merit mention; their interpretation would be 
more difficult. Three types were seen: (i) the hemidecorticate infant without 
spasticity or limb asymmetry walks like a stalking cat, slowly and cautiously, 
with shoulders low and forelegs slightly bent, (ii) The infant following bilateral 
ablation of the motor and premotor areas walks on a broad base with hands 
and feet everted, fingers and toes spread, and with slight overstepping. Addi- 
tional removal of the frontal association areas accentuates this (Figs. 4 and 
10). The animal then walks as if on poles with widely separated and extended 
legs, (iii) Add the postcentral gyri to ablated motor and premotor areas and 
a "scissors gait” is produced. Here there is extreme rigidity, with gross ad- 
duction and flexion of the hind limbs and some of the fore, although the hands 
remain everted, fingers spread (Fig. 6). 

Reflexes. The absence of detailed notes on reflexes in the protocols of the 
infants is conspicuous and a result of the difficulty of examination and the 
equivocality of the results. An infant monkey, when not clinging, is nearly 
always struggling, so that even with unlimited time and patience, consistent 
findings would be impossible. Tendon jerks are difficult to evaluate in the 
adult monkey; in the infant, no significant differences were detected as the 
result of operation. The changes in reflex grasping could be watched, however, 
and definitely related to the development of voluntary prehension. The effect 
on forced grasping of the ipsilateral cortex is far greater in the infant than in 
the adult. Placing and hopping reactions were, in every case examined, abol- 
ished by motor and premotor ablation. In one case with bilateral ablation 
of area 4 alone, placing and hopping reactions still existed. 

It is thus evident that the functional organization of motor activity in the 
central nervous system of the adult monkey may be greatly altered by the 
early removal of the motor and premotor areas of the cortex; it is clear also 
that in the absence of areas 4 and 6 other cortical fields may take over, in 
part, the integration of motor activity. Further study may bring to light the 
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anatomical and physiological factors which make possible in the infant nerv- 
ous system this extraordinary reorganization of functional activity. 

Conclusions 

1. The highly developed and coordinated motor performance which is 
present in the monkey deprived of motor and premotor tissue in infancy is 
due to integration from the other cortical regions, namely the frontal associa- 
tion areas and the postcentral regions. 

2. The motor deficit under such conditions consists of a loss of the finer 
movements such as those of prehension. 

3. Infantile patterns of behavior, such as reflex grasping, and a tendency 
to climb and cling are brought out by total ablation of the motor areas and 
persist indefinitely although voluntary purposeful behavior is also present. 

4. Characteristic postures appear with specific lesions. With bilateral ex- 
tirpation of motor and premotor areas, hyperextension and walking on a 
broad base appear. On addition of the postcentral gyrus to the above lesion, 
adduction and a scissors gait ensues. 

5. Paresis of conjugate deviation of the eyes following lesions of area 8 is 
more severe and enduring in the infant, than is the paresis produced by other 
cortical ablations. It thus resembles more nearly the paresis produced in an 
adult by a similar lesion. It is suggested that this may be due to earlier 
myelimzation and functional development of these shorter tracts. 

6. The concept that specific cortical foci have major functions in specific 
regions of the body, and in addition a minor influence on many other parts 
is not new, and applies to the adult cortex, but in less degree than to the 
infant cortex. The factor which makes possible the enormous difference in 
degree, however, is still to be explained. 

I should like to express my thanks to Drs J F Fulton and C F Jacobsen for their 
advice and encouragement in this investigation, and to Dr Fulton, Dr Jacobsen, Dr 
Robert Dow and Mr Robert Malmo for assistance at operations 
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During progressive curarization, stages are reached in which excitation of 
voluntary muscle by a given nerve impulse may be either prevented or made 
possible through the after-effects left by earlier impulses. The nature and the 
number of these after-effects are uncertain. In the mammal there are three 
distinct phenomena to be accounted for, namely: 

1. Wedensky inhibition. While isolated volleys of impulses are still able to 
excite the muscle, repeated stimulation of the nerve may at certain rates lead 
to a state of more or less complete junctional block. At low frequencies (6 to 
600 per min.), the muscle responds more strongly to the first volley than to 
any following. Each volley of the series, whether transmitted or blocked, 
leaves an inhibitory after-effect which lasts at least 10 seconds. The higher 
the frequency of stimulation, the more profound is the final level of inhibition 
reached; but at tetanizing frequencies two or more volleys may be transmitted 
before any evidence of inhibition appears. 

2. A brief phase of facilitation. When isolated volleys are blocked, two in 
rapid succession may still excite. The facilitating after-effect of the first volley 
is maximum at about 3 m.sec. (Bremer and Homes, 1932) but persists in some 
degree for 40 or 50 m.secs. Tetanic stimulation of the nerve, however, evokes 
only an initial twitch-like contraction. Junctional block then returns and re- 
mains as long as stimulation is continued at the same frequency. 

3. A second, more prolonged, phase of facilitation. After tetanic stimulation 
of the nerve is stopped, the muscle is found to respond to single volleys timed 
a few seconds apart. This post-tetanic recovery is still demonstrable when 
curarization is so far advanced that the conditioning tetanic stimulus, however 
prolonged, fails to elicit any visible contraction (Boyd, 1932). For brevity, 
the underlying processes responsible for these three phenomena will be desig- 
nated respectively I, F, and F-, although it is not certain that the two last 
are distinct. Rosenblueth and Morison (1937) have suggested that F, is a 
summation of two or more quanta of acetylcholin (ACh), released at the same 
nerve ending; I, a diminution in size of the later quanta of a series, such that 
they become inadequate to excite even by summation; and that F : is a 
mobilization of potassium, released at the nerve endings. 

None of these hypothetical processes has been definitely identified. In an 
earlier paper (Maaske, Boyd and Brosnan, 1938) evidence was given indicat- 
ing that F, is not a summation of quanta of ACh. Brown and von Euler (1938) 
hold that F, and F~ are identical, the former being the mobilization of K ions 
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Fig. 1. A, dog, 12.6 kg., nembutal. Contractions of tibialis anterior in response to 
stimulation of motor nerve at frequency of 80 per sec., for successive 4-second periods, 
a, normal; b to e, during progressive administration of 21 mg. of crude curare. 

B, dog, 15.9 kg., nembutal, a, normal tetanus; b to e, during progressive administra- 
tion of 9.2 gm. of MgS0 4 ; f and g recorded at same stage of depression as d. Frequencies, 
a to e, 80; f 120, g 40 per sec. 






FACILITATING AND INHIBITORY EFFECTS 499 

at the motor end plate by a single impulse, and the latter the same effect 
magnified by the arrival of a train of impulses in rapid succession. Brown and 
von Euler offer no explanation for the fact that the two phases of facilitation 
are separated in time. If the total mobilization of K ions continues to increase 
during tetanic stimulation of the nerve, the facilitating effect becomes masked, 
after the first two or three volleys, by some inhibitory factor; and the second 
phase of facilitation must then be accounted for by assuming that the in- 
hibitory factor subsides with relative rapidity during rest, allowing facilitation 
to become unmasked again. 

Certain facts appear to support this interpretation. Lubinska (1935) ob- 
served that during the progressive administration of a magnesium salt the 
muscle response to single volleys became weaker. When it had failed entirely, 
continued stimulation of the nerve at a frequency of 27 per sec. evoked a 
tetanus, gradually built up but well sustained. There was also a post-tetanic 
return of the single twitch response, maximum at first and subsiding over a 
period of several minutes The entire sequence of effects suggests the continued 
summation of a single facilitating factor, removed during the post-tetanic pe- 
riod by some relatively slow process In the paper referred to above (Maaske, 
Boyd and Brosnan, 1938), we showed that the facilitating after-effect of a 
single volley runs the same time course under Mg as under curare. The in- 
hibitory effect, however, is, under Mg, comparatively brief and feeble The 
inference is obvious that under Mg, F t can be summated continuously 
throughout an extended series of volleys; and that under curare the discon- 
tinuity between the two phases of facilitation may be only apparent, and due 
to masking by I. 

This paper presents some further observations on the course of junctional 
facilitation, both under curare and under Mg. It will be shown that under 
curare, facilitation is present, but masked, during the period of Wedensky 
inhibition. On the other hand, it will be shown that the building up of a 
tetanus under Mg is not continuous; it takes place in two stages, for which 
two distinct processes may be responsible. 

PROCEDURE 

Dogs and cats were used, anesthetized with nembutal (45 mg per kilo) The right 
leg was immobilized by drills through the tibia Contractions of m. tibialis anticus were 
recorded on smoked paper, the muscle ordinarily being made to pull against a rubber 
band, but for the tetani shown in Fig 1 a steel spring myograph was employed The 
sciatic nerve was sectioned All stimuli, except as otherwise stated, were applied to the 
peroneal nerve through shielded platinum electrodes, and were initially adjusted to a 
strength just above maximal for the motor fibers Tetanic stimuli were delivered from 
a Harvard coil, or, when varied frequencies were desired, from a neon-tube circuit The 
latter also served for test stimuli repeated at intervals of 5 to 10 secs The desired stage 
of junctional depression was induced and maintained by slow inflow, either of MgSCh, 
7H jO, in 6 7 per cent solution, or of crude curare, 0 1 to 1 0 per cent, from a burette con- 
nected to the left femoral vein. Esenne (physostigmine salicylate) was administered by 
the same route In certain experiments the left iliac artery was sectioned and tied m order 
to permit injections of ACh or of KC1 solutions through its central stump into the lumen 
of the aorta In the experiments with curare artificial respiration was employed, with Mg 
it was not necessary. 
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Results 

1. Responses to tetanic stimulation of the nerve, (a) Curare . Figure 1A (b to 
e) shows a series of tetani, each of 4 secs, duration, recorded during pro- 
gressive curarization. The effects shown were described by Hofmann (1903) 
and these graphs are presented merely for comparison. The maximum tension 
is reached very early and is followed by Wedensky inhibition, which becomes 
more and more nearly complete as curarization deepens. The initial rise is 
meanwhile reduced somewhat in height, but its time course does not change 
appreciably. While the tetani shown were all recorded with a uniform fre- 
quency of stimulation of 80 per sec., the same general form of record is main- 
tained with any frequency from 20 to 120 per sec. At any given stage, however, 
an increase of frequency improves the initial response, while the af ter-depres- 
sion becomes more profound. 

(b) Magnesium. Figure IB shows a series of myograms recorded under con- 
ditions identical with those of Fig. 1A, except that Mg was substituted for 
curare. There is here also an initial abrupt rise of tension, followed by partial 
relaxation. The relaxation, however, is incomplete and transient, being re- 
corded merely as a notch on the ascending portion of the myogram. It is fol- 
lowed in turn by a secondary rise which transcends the first. 

Until the secondary ascent begins, these tetani are apparently identical 
with those of the curarized preparation. With increasing dosage of Mg the 
primary rise is reduced in height, but its time course does not change appre- 
ciably. The time course of the secondary rise is altered, the slope becoming 
more gradual. Figure IB, g, shows such a secondary rise continuing for 15 secs. 
After the initial response has been completely suppressed by Mg, a feeble de- 



Fig. 2, Same preparation as in 1 B. Responses to stimulation of nerve at frequency of 20 
per sec., during progressive administration of Mg SOt. 

layed tetanus can still be built up by prolonged stimulation of the nerve. At 
any stage prior to this, an increase of stimulation frequency has the following 
effects; — a strengthening of both the primary and secondary responses, a 
steeper ascent for the latter, and a reduction, both in width and depth, of the 
notch separating them (compare d and f in Fig. IB). 

We have observed a notch, similar in magnitude and position to those 
shown in Fig. IB, in myograms recorded from animals under nembutal alone. 
In these instances, however, as in those noted by Hofmann (1903) using ani- 
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mals under deep ether anesthesia, the notch was present only with relatively 
low frequencies of stimulation and disappeared with an increase of frequency. 
When the effects of nembutal and Mg are combined, the notch is present at 
all frequencies up to 120 per sec., although it does undergo the changes de- 
scribed above. A similar notch appears in some of the graphs of Lubinska 
(1935) although it is left without comment. At a frequency of 20 per sec., the 
secondary rise is barely perceptible, and never reaches the height of the pri- 
mary. This type of response resembles, more nearly than any obtained with 
higher frequencies, a sustained Wedensky inhibition (Fig. 2). 

The general form of tetanus shown in Fig. IB is retained after Mg has 
completely suppressed any visible response to an isolated volley. Since the Mg 
block is reversible by the agents which are antagonistic to curare (Brosnan 
and Boyd, 1937) both components of the tetanus must involve a recruitment 
of units in the muscle rather than in the nerve. Superficially, the effect re- 
sembles that of small doses of eserine. Cannon and Rosenblueth (1937) find a 
similar "plus-minus-plus” sequence in the response of the nictitating mem- 
brane, in lightly eserinized cats, to tetanic stimulation of the preganglionic 
sympathetics. These authors attribute the "minus” phase to accumulation 
of a depressing excess of ACh, and the second "plus” phase to a fall in concen- 
tration of ACh resulting from an assumed reduction in size of quanta. Such 
an explanation might equally well apply to the observations of Briscoe (1936) 
whose myograms, also recorded from eserinized cats, closely resemble those 
shown in our Fig. IB. 

Under eserine, however, the transient depression is magnified by an in- 
crease in the frequency of stimulation (Briscoe, 1936). This is of course to be 
anticipated if an excess of ACh is the cause. Under Mg, as noted above, in- 
crease of frequency has just the opposite effect. For this reason, the notch in 
our myograms can hardly be attributed to the paralytic action of excess ACh. 
Moreover, the phase of depression in a tetanus recorded under eserine is 
abolished after small doses of Mg 

IF 

, Fig. 3. Dog, 8.8 kg., nembutal. Responses during three 4-second periods of stimula- 
tion of nerve, frequency 80 per sec.; at times indicated. Eserine (4.4 mg.) at 4 :55. Same 
dose repeated at 5:11. MgSO< (5 cc. of isotonic solution) at 5:00. Same dose repeated 
at5:13. 


(Fig. 3). 
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It seems probable that the initial response to tetanic stimulation, under 
Mg, is due to F u the same factor which is responsible for the brief phase of 
facilitation under curare. The notch which follows may mean either the ex- 
haustion of Ej or a transient masking by I. Similarly, the secondary rise may 
be due either to a second facilitating factor, requiring prolonged summation 
to become effective, or it may be due to continued building up of F u Obvious- 
ly, under Mg a sustained decline in size of quanta of ACh either does not take 
place, or, if it does, there is no resulting impairment of junctional transmission. 

2. Post-tetanic effects. We have previously reported (Boyd and Brosnan, 
1936) that facilitation, following a given tetanus, lasts about as long under Mg 
as under curare; and that in both conditions the degree and the duration of the 
recovery vary with the number and frequency of the conditioning volleys. It 
seems probable, therefore, that the underlying factor (F 2 ) is the same under 
Mg as under curare. 



Fig. 4. A, cat, 2.7 kg., nembutal and curare. B, same preparation, after 2 mg. each 
of eserine and atropine, with additional curare to restore original state of block. Single 
test stimuli at 8-second intervals throughout, tetanic stimulation (Harvard coil, 1 minute) 
at signals. At arrow (B) 5 mg. of acetylcholin in 1 cc. saline injected into right iliac 
artery. 

(a) Curare. Figure 4A shows a typical post-tetanic facilitation, lasting for 
10 mins. The conditioning tetanic stimulation, continued for 1 min., fails to 
evoke a visible response. The first post- tetanic twitches are relatively feeble, 
but become progressively stronger until a maximum is reached in about 2 mins, 
after which there is a more gradual decline. The rising phase of the facilitation 
curve might be due either to delayed development of F 2 , or to its gradual un- 
masking as I subsides. The latter hypothesis is supported by several observa- 
tions. 

First, the earliest twitches are weaker after a prolonged than after a short 
series of conditioning volleys. Increasing the number of the latter prolongs not 
only the total period of facilitation, but also the delay before the maximum is 
reached. Following tetani of only 1 or 2 secs., the rising phase of the facilita- 
tion'curve may be so brief that the test stimuli must be timed only 1 or 2 secs, 
apart in order to demonstrate it at all. The rising phase is briefer, in the tibialis 
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Fig 4 (continued) C and D, dog, 11 5 kg , nembutal and curare Single shocks to 
nerve at 8-second intervals throughout, tetanic stimulation (Harvard coil, 1 mm ) at 
signals At arrow (D) 3 cc of 4 per cent KC1 injected into right iliac artery 

and also in the tongue of the dog, than in corresponding muscles of the cat; 
but it can always be demonstrated with suitable spacing of the single test 
shocks 

Second, a series of post-tetanic twitches is temporarily suppressed during 
a second period of high-frequency stimulation. Afterward, however, the 
twitches reappear and become stronger. This is illustrated in Fig. 5C,the 





Fig 5 Dog, nembutal, curare Single shocks at 7-second intervals applied to nerve 
throughout A and C, tetanic stimulation (Harvard coil) through steel needle electrodes in 
muscle, B and D, tetanic stimulation through a second pair of electrodes on nerve. 

suppression being due in that instance to a weak tetanic stimulation through 
electrodes on the muscle; but the same effect can be produced by stimulation 
of the nerve trunk. 
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Third, the post-tetanic recovery becomes briefer and less complete as the 
interval between test stimuli is shortened. This is shown in Fig. 6A. The op- 




Fig. 6. A, cat, nembutal, curare. Three periods of tetanic stimulation of nerve 
(Harvard coil, 15 sec.) indicated by signals. Frequency of post-tetanic single shocks 10, 
30, and 60 per min., in order given. 

B, cat, nembutal, curare. At signal, tetanic stimulation of nerve, 100 per sec., for 30 
secs. This followed by paired stimuli 1 sec. apart (interval between pairs 10 secs.) 
throughout remainder of record. 

timum interval between single test shocks is greater than 10 secs. The re- 
sponse to each volley of impulses evidently is inhibited through the after-effect 
of the preceding volleys, unless the interval is long enough to allow the in- 
hibitory effect to subside completely. The relation is brought out more clearly 
in Fig. 6B, which shows pairs of twitches 1 sec. apart with a 10 sec. interval 
between pairs. The second twitch of each pair is much weaker than the first. 
The first volley of each pair thus leaves an inhibitory after-effect which runs 
its course against a background of sustained facilitation. It seems certain, 
therefore, that F 2 and I can exist together without mutual extinction, the 
latter dominating while it is present. 

Fourth, under Mg the post-tetanic facilitation is not delayed. This is clear 
from the graphs shown by Lubinska (1935) and confirmed by us in (b) below 
The difference between the "curare” curve and the "Mg” curve may be readily 
explained on the basis of an absence of masking under Mg. 

We have no theory to offer concerning the identity of I, nor can we explain 
why it is so much more powerful and prolonged under curare than it is under 
Mg. In a previous paper (Maaske, Boyd and Brosnan, 1938) we questioned 
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the assumption of Rosenblueth and Morison (1937) that 1 is a reduction in 
size of quanta of ACh. Some other hypotheses can with more certainty be ex- 
cluded. 

The rising phase of the recovery curve is not due to local stimulation 
fatigue of the nerve, which might be expected temporarily to reduce the num- 
ber of motor fibers excited. The same type of recovery curve is obtained when 
two pairs of electrodes are used, one for single test shocks and the other for 
tetanizing. The two may be placed at different levels on the nerve, or one pair 
on the nerve and the other on the muscle. Tetanic stimulation through elec- 
trodes on the muscle is followed by a return of the response to single shocks 
applied to the nerve- Under these conditions, the tetanic stimuli may be made 
so weak that the muscle shows only a very feeble direct response, or even none 
at all. Yet powerful post-tetanic twitches appear (Fig. 5A). Evidently, there- 
fore, the intramuscular nerve fibers have a threshold lower than that of the 
muscle, and under the conditions described may be selectively stimulated to 
produce effects identical with those of stimulating the nerve trunk. Guttman, 
Horton, and Wilber (1937) failed to obtain post-tetanic enhancement or facil- 
itation on direct stimulation of the curarized frog’s gastrocnemius; but they 
also failed, as did Boyd (1932) to obtain it from stimulation of the nerve in 
the same preparation. 

Feng (1937) describes a similar delay in the appearance of facilitation fol- 
lowing tetanic stimulation of the nerve in a partially fatigued preparation. He 



Fio. 7, Dog, nembutal and MgSO,. Single stimuli to nerve at 4-second intervals 
throughout record. Mg, final dose of MgSO,. Later signals, tetanic stimulation of nerve 
(Harvard coil) for 1, 3, 1, and 10 secs. 

ascribes the delay to the paralytic action of an excess of ACh, and the facilita- 
tion itself to the same substance, acting after the depressing excess has been 
removed. It seems unlikely that ACh can remain undestroyed for so long a 
time after its release. In the curarized preparation, if ACh be injected into the 
iliac artery during the rising phase of a recovery curve, the smallest effective 
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dose potentiates the twitch responses instead of depressing them (Fig. 4B). 
KC1 similarly administered also has a potentiating action (Fig. 4D). The de- 
layed appearance of facilitation is therefore not due to the presence of a de- 
pressing excess either of ACh or of K. 

(b) Magnesium. Under Mg the post-tetanic twitches are maximum im- 
mediately after a tetanus (Fig. 7). The decline may begin at once, or after a 
series of uniform maximum twitches, depending on the number of the condi- 
tioning volleys. The post-tetanic recovery and the secondary component of the 
tetanus itself (see section 1, b, above) are evidently made possible by the same 
facilitating factor, reaching its maximum development during the tetanus and 
persisting for some time afterward. With increasing dosage of Mg, a stage is 
reached at which no post-tetanic recovery is demonstrable; but at this time 
a feeble, delayed contraction still appears during high-frequency stimulation 
of the nerve. As pointed out above, the effects under curare disappear in the 
reverse order. Post-tetanic facilitation, under Mg, is not suppressed by a sec- 
ond period of high-frequency stimulation of the nerve; nor is its course ap- 
preciably affected by changes in the frequency of the single test shocks. 

Summary 

1. During neuromuscular depression, produced in the mammal either by 
curare or by Mg, tetanic stimulation of a motor nerve results in junctional 
facilitation. This appears in two phases. The first is the latent addition studied 
by Bremer and Homes (1932). The second, much more prolonged, has been 
described by Boyd (1932, curare) and by Lubinska (1935, Mg). 

2. Under curare, the two phases are entirely separated in time by a period 
of Wedensky inhibition. During this period a facilitating factor is present, but 
is masked by the inhibitory factor. The two can coexist without mutual ex- 
tinction. 

3. The inhibitory factor is not a depressing excess of acetylcholin nor of 
potassium; nor is it a local change affecting the nerve at the site of stimulation. 
It is far more powerful under curare than under Mg. 

4. Under Mg, the two phases of facilitation overlap in time. The only evi- 
dence of discontinuity is a partial and transient relaxation which appears 
shortly after the beginning of a tetanus. 

5. Demonstration of the masking effect mentioned in (2) supports the hy- 
pothesis of Brown and von Euler (1938) that both phases of facilitation are 
due to a single factor. It is not yet certain, however, that the separation be- 
tween the two phases is entirely due to masking. 
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Schiff (1894) and Porter (1895) showed that severance of a phrenic nerve in 
dogs or rabbits results in respiratory contractions of the contralateral hemi- 
diaphragm paralyzed by a spinal semisection on the same side at or above 
C3. In a previous publication from this laboratory (Rosenblueth and Ortiz, 
1936) control experiments on the Schiff-Porter crossed phrenic phenomenon 
were reported, which led to the conclusion that the appearance of the crossed 
diaphragmatic contractions upon section of the active phrenic is not due to 
relative asphyxia or to changes in the afferent nerve impulses set up by the 
respiratory movements, but that the direct cause of the phenomenon is the 
severance of the motor fibers in the phrenic. This conclusion entailed the pos- 
tulation of properties of nerve cells different from that of conducting nerve 
impulses and unparalleled in any other known experimental conditions. The 
present study was undertaken to obtain further controls which would support 
or invalidate this conclusion and its unexpected corollaries. 


METHODS 


Rabbits and cats were employed. The acute experiments were usually performed under 
dial anesthesia (Ciba, 0.55 to 0.6 and 0.6 to 0.75 cc. per kg., respectively, intraperitoneally). 
In some of the rabbits intravenous urethane supplemented the dial; in a few instances 
urethane alone was given. In the early experiments the diaphragmatic contractions were 
recorded as described by Rosenblueth and Ortiz, by attaching serrefines connected to 
recording levers via threads and pulleys to the two diaphragmatic domes just lateral to 
the tendinous center, after opening the abdomen. Contractions of the diaphragm appear 
in such records as downward excursions of the kymographic tracing. 

In later experiments it was found that Head’s slips, which attach to the xyphoid 
cartilage in the rabbit, provide a more accurate and simpler index of diaphragmatic ac- 
tivity. A midline section of the xyphoid cartilage was made. The muscle was separated 
from the bony part of the xyphoid process and this bone was cut. Quite independent 
tracings of the activity of each half of the diaphragm were obtained by attaching the ser- 
refines to the freed fragments of cartilage. In cats, although Head’s slips are not as de- 
veloped as in the rabbit, a similar preparation yielded equally satisfactory results, n 
the records obtained by this procedure diaphragmatic contraction is denoted by upward 
excursions of the tracing. For the application of reversible ether blocks the sterno-mastoi 
muscle was cut at its lower insertibn, thus permitting a clear exposure of the phrenic nerve 
down to C7. A small piece of cotton soaked with ether was then placed on the nerve an 
removed as soon as the block was complete. , 

Alternating or direct current was applied to the phrenic for blocking purposes y 
means of shielded silver electrodes placed between C6 and C7. The component to e 
phrenic from C7 was eliminated by cutting this nerve at its emergence from the vertebra 
column — i.e., centrally to the phrenic. The alternating current used was faradic indue ion 
shocks from a Harvard coil with 5 volts in the primary circuit. Direct current was o - 
tained from a battery, the intensity being regulated by a potentiometer and measure 
by a voltmeter. Afferent stimulation of the median, the vagus or the saphenous nerv - 
was faradic, through shielded silver electrodes, after cutting the nerves penphera y. 
Asphyxia was produced either by attaching to the tracheal cannula a rubber balloon c 
taining nitrogen or expired air, or by occluding the cannula. 
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The operations which were carried out on some of the animals previous to the acute 
experiments were made asepticahy under ether anesthesia. Other details of the methods 
employed m particular instances will be found in the corresponding sections helow. 

Results 

Animals with a previously cut phrenic nerve. The purpose of these experi- 
ments was two-fold: first, to see whether crossed contractions would appear 
when the spinal semisection was performed several weeks after cutting the 
phrenic; and second, to investigate the influence upon the phenomenon of the 
functional connection of the cut nerve with some structure other than the 
diaphragm. Accordingly, in 19 rabbits and 9 cats, one phrenic nerve was cut 
below C7 and its connection with that nerve was severed. The freed central end 
of the phrenic was then sutured either to the peripheral end of the cut cervical 
sympathetic, or, more frequently, to the stemo-mastoid muscle, denervated 
by section of the spinal accessory nerve. One to 25 weeks later the animals 
were anesthetized with dial, a spinal semisection at C2 contralateral to the 
previous section of the phrenic was performed, the abdomen was opened and 
the diaphragm was either observed directly or, more commonly, hooked up for 
recording in the usual manner. The effects of section of the previously cut 
phrenic and of the vagi were studied. Regrowth, when present, could be de- 
tected by activity in either the pupil or the sterno-mastoid, coincident with 
the respiration. 

The results are summarized in Tables 1 and 2. In the columns marked Re- 


Table 1 

Operated Rabbits 


Animal 

No 

Time after 
operation 
(weeks) 

Regrowth 

Results of 
semisection 

Results of 
cutting phrenic 

Results of 
cutting vagi 

1 

1 

0 

+ + 



2 

2 

0 

+ + 



3 

4 

0 

+ + 



4 

4 

0 

+ + 



5 

5 

0 

+ + 



6 

6 

0 

+ + 



7 

13 

0 

0 

0 

4-4- 

8 

22 

0 

+ 4- 


4- 

9 

24 

0 

+ 4* 



10 

13 

4- 

0 

0 

+ 

11 

13 

+ 

0 

0 

0 

12 

13 

+ 

4- 

+ * 

4- 

13 

24 

+ + 

+ 



14 

13 

+ 4- + 

4- 


+ 4- 

15 

13 

+ 4* + 

0 

0 

0 

16 

20 

4-4-4- 

+7 

SI +* 

+ 4- 

17 

24 

+ 4-4- 


0 

4- 4* 

18 

24 

+ + + 

0 

4-** 

4-4- 

19 

24 

+ + + 

0 

0 

0 


* The section of the regrown phrenic followed section of the vagi 
** The section of the phrenic was incomplete, later completion led to no further 
change 
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Table 2 


Operated Cats 


Animal 

no. 

Time after 
operation 
(weeks) 

Regrowth 

Results of 
spinal semi- 
section 

Results of 
cutting phrenic 

Results of 
cutting vagi 

i 

25 

0 

4* 

+ 

+ 

2 

23 

0 

0 

0 


3 

23 

0 

+ + 



4 

16 

0 

++ + 



5 

23 

4* 

0 

0 

+ 

6 

20 

+ 

+ + 

+? 

+ + 

7 

19 

4* 

+ + + 



8 

18 

++ 

4- 

0 


9 

16 

++ 

0 

0 

+ 


growth, O stands for no detectable functional connections of the anastomosed 
phrenic; the + signs indicate slight, medium or marked functional regrowth. 
In the columns marked Results of semisection the + signs denote crossed con- 
tractions of the diaphragm immediately after semisection — i.e., the hemidia- 
phragm on the side of the semisection did not stop breathing; O stands for 
complete paralysis of the diaphragm. The columns marked Results of cutting 
phrenic, or vagi, indicate the changes in the magnitude of the contractions of 
the crossed hemidiaphragm— i.e., of the side ipsilateral to the cord semisec- 
tion, with intact phrenic — upon section of the anastomosed phrenic or the 
vagi. The sign 0 stands for no detectable change and the + signs denote either 
the appearance of crossed contractions, if the diaphragm was previously para- 
lyzed, or the increase of pre-existing crossed contractions. 

The following results deserve emphasis, (a) With two exceptions (rabbit 7 
and cat 2) in the animals in which there was no regrowth, spinal semisection 
elicited prompt marked crossed contractions, (b) In 7 out of the 15 animals 
with regrowth, spinal semisection did not elicit crossed contractions; in 4 of 
these animals a crossing occurred later, (c) Up to 24 weeks after cutting the 
phrenic, spinal semisection may lead to immediate crossing (rabbit 9, cat 1). 
(d) Immediate marked crossed contractions may appear upon spinal semisec- 
tion even when good functional regrowth of the cut phrenic has taken place 
(rabbit 17, cats 7 and 8). (e) Section of the regrown phrenic (incomplete, rab- 
bit 18) may lead to crossing, (f) Section of the vagi may cause crossing after 
the phrenic has been cut, even though there has been no obvious regrowth 
(rabbit 7, cat 2), or when such regrowth is present (rabbit 10, cats 5 and 9). 

Direct electrical stimulation of the respiratory center or the respiratory tract 
above C3. Five cats were tested. The results were clear and consistent. Recor 
ing from the diaphragmatic domes or from Head’s slips was attempted, but 
the passive movements of the diaphragm transmitted via the chest from con- 
tractions of the neck muscles were as a rule confusingly prominent. Visual 
observation of the diaphragm after wide opening of the abdomen was, theie 
fore, more satisfactory. 
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The following protocol is typical of the procedure followed and the results 
obtained. Cat, anesthetized with dial (0.65 cc. per kg. intraperitoneally). 
Tracheal cannula inserted. Vagi, cervical sympathetics and depressors cut in the 
neck. Carotids ligated and spinal accessories cut. Cervical nerves C3 toC7 cut 
peripherally to the phrenics, on both sides. Complete transection of the spinal 
cord immediately below C7. Left semisection of the cord at C3. Animal breath- 
ing only with its right diaphragm; artificial respiration now applied. Cerebel- 
lum removed. Midline longitudinal section of the medulla and cord from the 
upper part of the 4th ventricle to C2. Left semisections at the upper and lower 
limits of this midline incision and removal of the segment isolated by these 
sections. Slight compression of the vertebral arteries throughout these pro- 
cedures to control hemorrhage, when necessary. 

Stimulation of either the right respiratory center (electrodes applied to the 
medial surface of the sectioned medulla just above the tip of the calamus 
scriptorius; coil distance about 10 cm.) or of the right respiratory tract (elec- 
trodes applied to the lateral surface of the cord at Cl or C2; coil distance about 
8 cm.) caused marked contractions of the right hemidiaphragm with no in- 
volvement of the left side. The right phrenic nerve was then cut. Similar 
stimulation elicited now strong contractions of the left hemidiaphragm; the 
right side was of course paralyzed. Completion of the semisection of the cord 
at C3 — i.e., complete transection at that level — abolished the diaphragmatic 
responses, thus proving that the contractions of the left hemidiaphragm had 
not been elicited by spread of the stimuli to the left respiratory tract below C3. 

Reversible alternating-current or direct-current blocks. Rosenblueth and Ortiz 
(1936) showed that reversible blocks of the active phrenic after a high spinal 
semisection, produced by applications either of direct current or of ether, re- 
sulted in respiratory movements of the previously paralyzed hemidiaphragm. 
These crossed contractions appeared only when all the motor fibers in the 
active phrenic were blocked but did not subside until after complete recovery 


A B 

^jJl 111 ' — ,.l)jj|llh^ 



Fig. 1 . Rabbit; dial. Left spinal semisection at C2. Electrodes on intact right phrenic 
below C6; C7 cut centrally to the phrenic. Records from Head’s slips; upper: left; lower: 
right. In this and the succeeding figures the time signal registers 5-second intervals. 

A. Faradic stimulation of the right phrenic. Coil distance: 12 cm. and 60° angle. 

B. Tracheal cannula occluded for the same time. 
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Fig. 2. Same preparation and records as in Fig. 1. Faradic shocks delivered 
to the right phrenic; coil distance 8 cm. A: 1 sec. B: 2 secs. C: 5 secs. 


of the blocked phrenic. In the phase of subsidence, therefore, both hemidia- 
phragms, direct and crossed, contracted simultaneously for some time. 

The purpose of the present observations was to study the influence of vari- 
ous intensities and durations of the reversible blocks on the delay, magnitude 
and time-course of the crossed effects. For this reason alternating and direct 
current were used since they can be accurately gauged as blocking agents, and 
were preferable to ether. In general it may be stated that as the blocking cur- 
rents are intensified or applied for longer periods, thus increasing the block, the 
crossed effects come earlier and are bigger and more prolonged. If very weak 
A.C. or D.C. currents are used, which do not lead to blocking of the motor 
nerve fibers even when applied for long periods (up to 1 min.), no crossed 
contractions appear as a rule. When they do occur they are delayed and small, 
and are probably due to relative asphyxia of the animal (see next section) be- 
cause of the prolonged tetanic contraction of the active hemidiaphragm. 

Stronger currents, capable of producing complete block, if applied for a few 
seconds, result in crossed contractions. The longer the duration of the block, 



Fig. 3. Same preparation and records as in Figs. 1 and 2. 

A. Faradic shocks delivered to the right phrenic for 1 sec.; coil distance: 7 cm. 

B. At signal section of the right phrenic. 
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the more prolonged the crossed effects. Blochs of similar duration can be pro- 
duced by currents of different intensity by adjusting the periods of applica- 
tion. Thus, a brief strong current may result in a complete block of the same 
duration as that produced by a weaker current applied for a longer period. In 
such cases there is a tendency for the stronger current to elicit more marked 
crossed effects — i.e., stronger and more prolonged — than those brought out by 
the weaker current. Figs. 1, 2 and 3 illustrate some of the points mentioned. 
In Fig. 1 it is shown that the small delayed crossed contractions elicited by 



Fig. 4. Effects of asphyxia before and after reversible crossing. Cat; dial. Left spinal 
sexnisection at C2. Right C7 cut. Head’s slips; upper record left, and lower record right 
hemidiaphragm. At signal, tracheal cannula occluded. 

A. Before any reversible crossing. 

B. After three reversible crossings from the application of A.C. to the right phrenic 
below C6. 

prolonged non-blocking stimulation of the active phrenic closely resemble the 
contractions evoked by a similar period of asphyxia. In Fig. 2 the increasing 
effect of increasing duration of the blocking A.C. is demonstrated. In Fig. 3 
the similarity in the onset of the crossed contraction elicited by a strong block 
and by cutting the phrenic is emphasized. 

Respiratory reflexes and asphyxia. The purpose of these observations was 
to compare the effects of increased respiratory discharges on the hemidia- 
phragm paralyzed by a high spinal semisection, before and after the applica- 
tion of a reversible block to the active phrenic. The experimental procedure 
consisted in making a left spinal semisection at C2 and applying stimulating 
electrodes on several afferent nerves and sometimes also on the active right 
phrenic. The results of stimulating the afferent nerves and of asphyxia were 
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then observed and recorded from the two hemidiaphragms. After these pre- 
liminary records were obtained, one or more reversible ether or electrical (A.C. 
or D.C.) blocks were applied to the right phrenic. These blocks resulted in a 
transient appearance of respiratory contractions of the left, previously para- 
lyzed hemidiaphragm. The afferent nerves were then again stimulated and 
asphyxia produced, as before the reversible crossings. 

Rosenblueth and Ortiz (1936) reported that asphyxia did not lead to any 
crossed contractions unless it was applied after a reversible crossing had been 
obtained by a transient block of the active phrenic. In the present observa- 
tions, in some animals (rabbits and cats) a crossing was observed during 



Fig. 5. Appearance of crossed reflex contractions after reversible crossing. Rabbit; 
dial. Left spinal semisection at C2. Right C7 cut. Head’s slips; upper record: left, and 
lower: right. A and B, before any crossing had occurred. C and D, after two reversible 
crossings from the application of A.C. to the right phrenic below C6. A and C: afferent 
stimulation of the right median nerve (coil distance 8 cm.). B and D: afferent stimulation 
of the left vagus (coil distance 8 cm.). 


asphyxia in the preliminary control records. Such crossing did not occur, how- 
ever, until the asphyxia was pronounced, and subsided promptly upon cessa- 
tion of the asphyxiating procedure (Fig. 4A). Production of a similar degree of 
asphyxia after one or more reversible crossings elicited prompt, vigorous 
crossed contractions, which did not cease immediately when the animal was 
allowed to breathe freely (Fig. 4B). The results of afferent stimulation in rab- 
bits were similar to those of asphyxia. Crossed contractions occurred in some 
animals before any reversible blocks had been applied to the active phrenic. 
Such reflex crossed contractions were, however, as a rule delayed and weak, 


and subsided promptly after cessation of the stimuli. After one or more re- 
versible crossings, on the other hand, the reflex effects were more prompt, 


vigorous and enduring than before. Fig. 5 illustrates a typical instance. 

Effects of cutting the vagi. Section of the vagi in normal rabbits results in 
respiratory changes similar to those found in cats and dogs — i.e., the respira- 
tion becomes slower and deeper. In rabbits with a high spinal semisection in 
which the vagi are cut before any crossed diaphragmatic contractions have 
been produced by blocking or cutting the active phrenic, the results of cutting 
the vagi are the same. In the rabbits in which the vagi were cut after the ac- 
tive phrenic had been severed, or only reversibly blocked, the change of the 
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respiratory frequency consisted usually in an acceleration (Fig. 6). Similarly, 
in the operated rabbits reported in section A, cutting the vagi produced a 
respiratory acceleration. These results are summarized in Table 3. In the cats, 
whether the vagi were cut before or after crossing, the effect was usually a 
slowing of the respiration. 

Another consequence of severing the vagi is the following. In animals, cats 
or rabbits, in which no reversible crossed effects had been elicited, such a 
section did not result in crossed contractions. But if one or more reversible 
blocks, with the corresponding transient crossings, had been applied, then sec- 





Fig. 6. Rabbit; dial. Left spinal semisection at C2. Head’s slips; upper: left; lower: 
right. Before this record was taken 4 reversible crossings had been produced by applica- 
tion of D.C. to the right phrenic. At signals: first, section of right vagus; next, section of 
right cervical sympathetic; last, section of left vagus. 

tion of the vagi frequently led to the immediate appearance of crossed con- 
tractions, which subsided slowly. Fig. 6 illustrates a typical instance. It may 
be recalled that in the operated animals section of the vagi led also in several 
cases to the appearance of crossed contractions (Tables 1 and 2). 

Changes of rate during crossing. In the rabbits, whether the crossing was 
transient, by applying a reversible block to the active phrenic, or permanent, 
by cutting the nerve, the respiratory rate was usually slower during the period 
of crossed contractions than before the crossing. This slowing was observed 
in various experimental conditions summarized in Table A. Figure 7 illustrates 
typical instances. In the cats the changes of rate during crossing were less 
marked than in the rabbits. They consisted usually in a slowing followed by 
recovery of the normal rate, although the crossed contractions persisted. 

Discussion 

Rosenblueth and Ortiz (1936) reported that in some cats a high spinal semi- 
section did not lead to an ipsilateral respiratory hemiplegia. In the present 
experiments a respiratory hemiplegia was absent only when the spinal semi- 
section was incomplete. In the rabbit, as Porter (1895) pointed out, all the 
nerve fibers descending from the respiratory center to the spinal rootoneu- 
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rons travel superficially in the external region of the lateral columns. Even a 
small section of the cord in this region, not reaching the nerve fibers in the 
neighborhood of the midline, will, therefore, usually result in an ipsilateral 
respiratory paralysis. In the cat, on the other hand, there probably are some 
descending respiratory fibers placed medially, besides the lateral tract analo- 
gous to that in the rabbit. For this reason an incomplete semisection will fail to 
paralyze entirely the corresponding respiratory muscles. Once this condition 
was recognized the spinal sections in cats were made to overlap the midline 
and invariably resulted in the desired hemiplegia. Indeed, cats may be more 
satisfactory than rabbits for the study of the phenomenon, in as much as 
crossed contractions upon blocking or cutting the active phrenic have occurred 



Fig. 7. Slowing of the respiration during crossed contractions. 

A. Rabbit; dial. Left spinal semisection at C2 and complete transection at C7. 
Head’s slips; upper: left; lower: right. At signal A.C. (coil distance 8 cm.) applied for X, 
sec. to right phrenic below C6. 

B. Rabbit; dial. Left spinal semisection at C2. Vagi, cervical sympathetics and de- 
pressors cut. Records from the diaphragmatic domes; upper: right, lower: left. At signal, 
right phrenic cut. 

in all the cats tested, whereas occasionally the crossed contractions have en- 
tirely failed to appear in some rabbits. Rosenblueth and Ortiz (1936) reported 
4 rabbits in which no crossing took place. These 4 animals had had a bilateral 
section of the vagi, cervical sympathetics and depressors, before the active 
phrenic was blocked or cut. It was thought that the previous operations were 
responsible for the absence of the crossed contractions. 

This inference was invalidated in the present series of rabbits by 4 animals 
in which a prompt typical crossing occurred upon cutting the active phrenic 
after cranial nerves IX, X, XI and XII and the cervical sympathetic trunks 
had been cut. Other instances of lack of crossing in rabbits were again en- 
countered here, and no correlation could be established with the experimental 
procedures, the strains of rabbits used, the anesthetic employed or the depth 
of anesthesia. Unless the animals are grossly over-anesthetized, crossing may 
occur under ether, dial, dial with additional urethane, urethane alone or 
chloralose. In the total number of normal rabbits ( i.e ., unoperated previously ) 
used thus far in this Laboratory for the study of the phenomenon, there have 
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been 10 instances of negative results — i.e., no crossing on cutting the active 
phrenic, or by any other procedure — as opposed to 50 positive instances. 
These figures are of importance in judging the results obtained in the operated 
animals. 

It is significant that 3 out of the 9 cats and 6 out of the 19 rabbits in which 
a phrenic had been previously cut did not present an immediate crossing upon 
performing a contralateral high spinal semisection (Tables 1 and 2), That the 
absence of crossing in such conditions is probably correlated with the func- 
tional regrowth of the cut nerves into the structures to which they had been 
anastomosed is indicated by the fact that with the exception of only 2 animals 
an immediate crossing occurred whenever there was no evidence of regrowth. 
Indeed, it is possible that in the exceptional animals a slight regrowth was 
present but not detected. If the appearance of the crossed contractions were 
due to either relative asphyxia or to quantitative changes in the number and 
distribution of afferent impulses set up by the respiratory movements, an 
immediate crossing would have taken place in all the operated animals upon 
performing the high spinal semisection, regardless of whether the cut phrenics 
had regrown into other structures or whether such regrowth had not occurred. 
Since this was not the case, however, the evidence from the operated animals 
supports the conclusion previously reached (Rosenbiueth and Ortiz, 1936) 
that the crossing is not primarily due to either asphyxia or changes in afferent 
bombardment of the centers. 

The evidence obtained by electrical stimulation of the respiratory center 
or the respiratory tract supports this conclusion more directly. The number 
of nerve impulses delivered to the phrenic motoneurons was probably con- 
stant, since the stimulus was not varied. Complete paralysis of the respiratory 
muscles except during stimulation and uniform artificial respiration elimi- 
nated any significant changes in afferent bombardment. Yet crossed con- 
tractions only appeared after the phrenic on the direct side was cut. The 
inference again emerges that the crossing is due to section of the motor axons 
in the phrenic. Such a section is followed by changes in the phrenic motoneu- 
rons or related intemuncials in the spinal cord, so that the descending respi- 
ratory impulses then become able to activate liminally the contralateral 
phrenic motoneurons. 

The experiments on the effects of A.C. or D.C. blocks of different intensi- 
ties and durations (Figs. 1, 2 and 3) are in agreement with the previous con- 
clusions. When the current applied to the active phrenic is not sufficiently 
strong to block all the motor fibers, no crossing occurs. This is in keeping with 
the similar tacts repotted by Rosenbiueth and Ortiz (1936) when ether blocks 
were employed, or when the phrenic was cut in stages by sectioning the cervi- 
cal nerves progressively. If asphyxia or changes in afferent nerve impulses 
played a major part in the phenomenon, the crossing should take place even 
when only some of the motor fibers are inactivated and should be approxi- 
mately proportional to the number of fibers blocked. Such is not the case. 

The crossed effects are, on the other hand, a function of the magnitude 
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(intensity and duration) of the block produced, since they are more prompt, 
greater and more prolonged, the deeper and longer the block of all the motor 
fibers (Fig. 2). Notwithstanding this proportionality the records reveal an 
independence of the time course of the block on the direct side and the respir- 
atory contractions on the crossed side. Depending upon the intensity and 
duration of the blocking currents applied, the subsidence of the crossed ef- 
fects may be rapid and begin while only a few of the blocked motor fibers have 
recovered, or it may be slow and begin after all the motor fibers on the direct 
side have recovered from the block. It may therefore be concluded that the 
central effects of the block are a function of its magnitude, but are independ- 
ent of the changes in the respiratory movements which the block elicits. 

The observations (Figs. 4 and 5) also support the conclusion that once the 
crossed path has been opened by a reversible block subsequent crossings are 
more readily obtained and more pronounced (Rosenblueth and Ortiz, 1936). 
When the effects of the reversible block have subsided, although the original 
condition seems reestablished, the centers have really different properties in 
this respect, at least as long as the experiment lasts. This central change takes 
place probably at the spinal cord, since the discharges of the respiratory center 
during asphyxia or the reflexes, as judged by the contractions of the direct side, 
are no greater after the block than before its application. 

In dogs, section of the vagi leads usually to the permanent appearance of 
crossed discharges (Rosenblueth and Ortiz, 1936). In normal — i.e., not pre- 
viously crossed — rabbits or cats, section of the vagi has never been observed 
to result in crossed contractions. On the other hand, the influence of the vagi 
on the crossed phenomenon is apparent in the animals in which the section is 
made after a crossing has taken place (Fig. 6; Tables 1 and 2). The difference 
between the dogs and cats or rabbits may therefore be only quantitative in 
this regard. With the data available, the problems of the mechanism, site and 
nature of the central changes produced by section or blocking of the phrenic 
are open only to speculation. The present observations offer, however, some 
clues worthy of consideration. As shown above (pp. 510, 514) the experiments 
suggest that some of the changes take place in the spinal cord — phrenic moto- 
neurons or possible internuncial neurons — as opposed to the medullary cells 
of the respiratory center. Such evidence might be explained by postulating 
changes in only the cut or blocked neurons. 

The data in Figs. 6 and 7 (See Tables 3 and 4), suggest on the other hand, 
that the effects of section or block transcend the neurons directly affected. 
Changes of rate which involve not only the diaphragm, but also all other respir- 
atory muscles, are to be attributed to modifications taking place in the respir- 
atory center. 

It thus appears likely that the local changes in motor fibers to which elec- 
tric currents are applied for a brief period have a widespread influence on the 
properties of central neuron systems. The propagation occurs by some mecha- 
nism different from that by which nerve impulses are conveyed. The changes 
are probably not unineuronal, but extend beyond the synaptic confines. 
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Table 3 

Changes in respiratory rate upon cutting the vagi in rabbits The figures indicate 
the number of animals in which the corresponding phenomenon was observed. 


Acceleration 

No change 

Slowing 

Normal rabbits 

Before any crossing 

3 

5 

17 

After one or more reversible 
crossings 

7 

i 

1 

After cutting the active (di- 
rect) phrenic 

2 

0 

0 

Operated rabbits 

14 

3 

0 


Table 4 

Changes in respiratory rate during crossing in rabbits The figures indicate the 
number of animals in which the corresponding phenomenon was observed 



Acceleration 

No change 

Slowing 

Phrenic cut Vagi intact 

0 

0 

5 

Phrenic cut Vagi cut 

2 

i 

7 

Ether blocks Vagi intact 

0 

3 

5 

Ether blocks Vagi cut 

2 

l 

3 

A C blocks Vagi intact 

0 

0 

2 

A C. blocks Vagi cut 

0 

1 

2 


Summary 

The appearance of crossed diaphragmatic contractions — i.e., ipsilateral to 
a spinal semisection at C2 or C3 — was studied in rabbits and cats in the follow- 
ing experimental conditions: (i) animals in which the phrenic nerve contra- 
lateral to the spinal semisection had been cut and anastomosed either to the 
cervical sympathetic or the denervated stemomastoid muscle 1 to 25 weeks 
previously (Tables 1 and 2); (ii) animals in which the respiratory center or the 
respiratory tract above C3 was stimulated electrically; (iii) animals in which 
the active phrenic on the side contralateral to the spinal semisection was 
blocked reversibly by alternating or direct currents of various intensities and 
durations (Pigs. 1, 2 and 3); (iv) during activation of the respiratory center 
either reflexly or by asphyxia, before and after application of reversible blocks 
to the active phrenic (Figs. 4 and 5). 

The effects of cutting the vagi before or after reversible diaphragmatic 
crossings are described (Table 3, Pig. 6). The changes of respiratory rate dur- 
ing crossings are reported (Table 4, Fig. 7). In the discussion it is shown that 
the following conclusions are confirmed: (i) crossed contractions occur directly 
as a result of cutting or blocking the motor fibers, not as an indirect effect from 
relative asphyxia or from changes in the afferent impulses set up by respira- 
tory movements; (ii) the central changes are mediated by some process which 
does not require the conduction of nerve impulses; (iii) once the crossed path 
has been opened — i.e,, after a reversible block — subsequent crossings are more 
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readily obtained. The facts reported also suggest that some of the central 
changes responsible for the crossing occur at the spinal cord (pp. 510, 514). 
Other data (p. 513) show that in addition to these lower spinal changes there 
are probably also modifications in the respiratory center in the medulla, 
caused by the block or cut of the phrenic which leads to crossing. 
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The electroencephalogram as usually recorded shows a confusion of wave 
forms and a mixture of frequencies which are impossible of accurate visual 
analysis. With experience one can learn to detect certain gross features which 
have significant clinical and physiological correlates, but in this there is more 
art than science. Certain crude indices which have been devised as a basis for 
comparison are open to theoretical criticism. They are not arrived at objective- 
ly, and do not afford a consistent expression for tbe data. The electroencephal- 
ogram, which is an amplitude vs. time function, can be expressed as a continu- 
ous plot of amplitude vs. frequency; that is, as a spectrum. The mathematical 
tool for making such a transposition is the Fourier Transform. The validity 
of ' ' ■ ‘ - * — r_ _j -i electroencephalogram in terms of 

its 1 5 The only question that can be 

reasonably argued is whether such an expression is advantageous. We believe 
that it is, and have applied the Fourier Transform to a large number of elec- 
troencephalograms. The theoretical and practical advantages of this expres- 
sion will be set forth below. 

Not the least of its advantages is the simplicity with which it can be ob- 
tained by the mechanical-electrical integrator which one of us (A.M.G.) has 
designed. The technique is as follows: A representative oscillogram is taken 
as a shadowgraph on 35 mm. film, and later made into a continuous function 
by splicing the film to form an endless belt. The belt is revolved between a 
transverse slit of light and a photo-electric cell which reproduces the original 
electroencephalogram (Fig. 1). The resulting signal is passed through an ex- 
tremely sharp variable electric wave filter. The speed of the belt and the speed 
of the frequency scanning mechanism is so arranged that the electroencephalo- 
gram to be analyzed can be treated as a repetitive function in this system. 
After being rectified the output of the filter is connected to a galvanometer 
which automatically records the amplitude of each differential frequency 
component on sensitized coordinate paper. 

No objective method of analyzing the intricate wave forms of the electro- 
encephalogram has previously been devised. The advantage of such a method 
in practice is that it is independent of the several intricate and arbitrary 
terminologies which have been devised for compiling results of studies on the 
electrical activity of the brain. It affords a relatively complete yet compre- 
hensive expression for the data in terms of itself alone. It provides a common, 
rigorous, and mathematical expression for all types of record. Furthermore it 
ends the tedious work of measuring frequency by hand, and of estimating for 
• This research has been aided by n grant from the Rockefeller Foundation. 
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FIG. 4 

ANALYSES OF RECORDS OF A NORMAL TAKEN AT 10 MINUTE INTERVALS 
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each component the percentage 
of time present, both of which 
procedures are as exhausting as 
they are inadequate and inac- 
curate. 

The Fourier Transform is not 
proposed as a substitute for the 
customary oscillographic record- 
ing of the electroencephalogram, 
but rather as a supplement and a 
compact expression for such a 
record. The unanalyzed record is 
still indispensable for detecting 
short bursts of particular wave 
forms, phase relations, and 
"build-ups,” all of which have 
been shown to be significant. 
These tend to be lost in the ana- 
lyzed record. Nevertheless, the 
time element can be supplied in 
the form of consecutive analyses 
made at separate or continuous 
intervals of time. 

Analyses have thus far been 
made of more than 300 records. 
These include a control group of 
111 normals, 104 schizophrenics, 
and 84 epileptics. In many of the 
subjects observations were re- 
peated at different intervals of 
time. In all cases records were 
taken from frontal, occipital, 
parietal and temporal lobes. Com- 
parisons and data for these cases 
is being worked up and will be 
published in the near future. 
Analyses of the normal electro- 
encephalograms made with leads 
on the left occipital area and on 
the ear reveal that energy is scat- 
tered over all frequencies from 
below 1 to approximately 60 
cycles per sec., a range in which 
we are particularly interested. 
But more energy is found at cer- 





FIG. 5 

ANALYSES OF A NORMAL'S RECORDS AT 
TWO DAY INTERVALS 
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FIG. 4 

ANALYSES OF RECORDS OF A NORMAL TAKEN AT 10 MINUTE INTERVALS 
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Porter, Blair and Bohmfalk (1938) report that NaCN has a facilitating ef- 
fect on motoneurons in the spinal cord of the cat. It occurred to us that 
cyanide might be useful for studying the behavior of cells in the cerebral cor- 
tex of man. NaCN is a strong respiratory stimulant in sub-convulsive doses 
(Loevenhart, et al , 1918), the carotid sinus being its site of primary action 
(Heymans, Bouckaert and Doutrebande, 1931). Thus cyanide may be used 
safely in man, with the special advantage that one can readily ascertain when 
it reaches the carotid sinus, and, consequently, when it can be expected to 
reach the brain. 



METHODS 

for arm- 

to- 


iss (1933) 

an* 


m as the 


patients A group of 19 patients were given intravenous injections of 0 7 cc of 2 per cent 
solution of NaCN (equivalent to 14 milligrams) via the antecubital vein near the elbmv. 
In addition, the effect of cyanide on the electroencephalograms of a narcoleptic nnd n 
stuporous catatonic were observed 

Brain potentials were recorded on paper tape from electrodes placed on the scalp over 
various cortical regions, suitable amplifiers being used A more detailed description of the 
recording technique may be found elsewhere (Rubin, 1938) 


Results 

NaCN in the doses used here produced a series of deep gasps which oc- 
curred from 15 to 20 secs, after the injection and lasted for 10 to 20 secs. The 
following brain potential responses most frequently took place immediately 
after the respiratory response ceased or, in some cases, not until as much as 30 
secs, later. The time for full return to the pre-NaCN level of cortical activity 
was usually about 2 mins. There seemed to be no relation between the severity 
or duration of the respiratory response induced by cyanide and the resulting 
brain potential changes. 

In 12 patients out of 19 an increase in amplitude, regularity and amount 
of alpha (10/sec.) activity was observed, followed in a few instances by a de- 
crease. In addition, higher frequencies became more predominant and slow 
irregular rhythms tended to disappear. Frequency remained unaltered. An 
initial, slight depression of alpha activity was observed in three subjects, 
followed in one case by an increase above the pre-NaCN level. The other four 
patients showed no change in their electroencephalograms. 

It is well known that the first effect of cyanide is an excitatory one, if the 
concentration is not too great; in still higher concentrations it is a depressant 
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agent. It is reasonable to suppose that in the three subjects who showed a 
depression of cortical activity, the concentration of cyanide was considerably 
greater than that which would have resulted in excitation for those individuals. 
Unfortunately, we did not try different dosages of NaCN, but used the same 
amount for all subjects. It is possible that the cyanide dosage was below 
threshold for the four individuals whose brain potentials remained unaltered. 

The general response to NaCN seems to be an increase of activity in cor- 
tical cells which are capable of producing the alpha rhythm, and greater regu- 
larity of the rhythm. The most marked effects were obtained from the motor 
region, although the frontal lobes tended to be equally affected. The parietal 



Fig. 1. Simultaneous records from midline electrodes on the vertex (V) and over the 
mid-frontal (F) region of a narcoleptic. A was taken when the subject first reclined on 
the bed; B is typical of the narcoleptic state which occurs within a minute or so after t e 
individual lies down; C shows regular 5-6 per sec. waves appearing 20 secs, after stimu a- 
tion of the carotid sinus by NaCN; D, one-half minute later; E, one minute after 
Amplification constant throughout. 
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region was least responsive to NaCN, and the occipital alpha rhythm was the 
most variable, showing no change, an increase or a decrease 

The effect of NaCN on the brain potentials of a narcoleptic individual 
proved of considerable interest (Fig I) In the waking state his alpha rhythm 
had a frequency of 8 to 9 per sec , during the narcoleptic state the alpha rhy- 
thm was markedly decreased in voltage, only slower frequencies remaining 
unaltered Alter intravenous NaCN, regular 5 to 6 per sec waves of higher 
voltage appeared, to be followed later by an irregular potential pattern 
Finally, in 2 minutes, the initial pattern was reestabhshed 

A more dramatic illustration of the increased tendency towards slower 
rhythms was observed in a catatonic individual who occasionally went into 
a stuporous state characterized by failure to perform any voluntary move- 
ment He was fully conscious at all times and had perfect recollection of events 
which took place during his stuporous periods In this case stupor was ac- 
companied by a diminution of amphtude of the alpha rhythm and the amount 
of time it was present (Fig 2, A and B) One-half a minute after the respira- 
tory response induced by NaCN was over, a rather regular 4 per sec rhythm 
suddenly appeared under both the occipital and vertex electrodes This was 
followed by irregular bursts of activity with occasional regular periods of slow 
activity for the next 4 mins Although the slow rhythm was similar to that 
described for some epileptics by Gibbs, Gibbs and Lennox (1937), we ob- 
served no chmcal signs of a seizure associated with it 

Control experiments in which this stuporous individual was given 0 7 cc 
of distilled water, instead of NaCN, and also painful stimuli, failed to produce 
any cortical response Several days later when he came out of stupor spon- 
taneously cyanide induced changes in his electroencephalogram similar to 
those described previously for the group of 19 subjects 

Discussion 

Several possible explanations of the cortical effect of NaCN are worth con- 
sidering 

1 Cardiovascular changes — The increases in blood pressure and pulse rate 
following cyanide injection are rather small and could hardly be expected to 
influence cortical activity In addition, it is difficult to reconcile a um direc- 
tional cardiovascular change with both slow and fast cortical potentials 

2 pH changes — Gesell, et al (1930) reported a decrease in blood pH on in- 
jection of NaCN into animals If this caused a decrease m pH of the cerebral 
cortex we should expect to find a decrease in frequency and amphtude of cor- 
tical potentials (Dusser de Barenne, McCulloch and Nims, 1937) This would 
not account for the observed increase in amphtude of the alpha waves and the 
absence of alteration of their frequency. It would account for the slow rhy- 
thms found m our narcoleptic and stuporous catatonic subjects but not for 
the increased amphtude of these slow waves 

3 Hyperventilation — It is questionable whether sufficient hyperventilation 
occurred as a result of the respiratory stimulation by the NaCN Hyperventi- 
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Fig. 2. Simultaneous records from the occiput (O) and the vertex (V), along the mid- 
line, from a patient in a catatonic stupor. A, a typical record from this patient when he was 
not stuporous; B, during stupor and before NaCN was given; C, 30 secs, after the gasping 
due to intravenous NaCN was over; D, 30 secs, later, illustrating the irregular pattern 
and an occasional period of regularity; E, at the end of 5 mins. The amplification is the 
same throughout. 


lation, if it were marked enough, would cause an increase in pH of the cortex 
(Dusser de Barenne, McCulloch and Nims, 1937). However, it is not likely 
that the pH of the cortex would be increased in the face of a decrease in blood 
pH. According to Gibbs, Davis and Lennox (1935), the only change in cortical 
potentials from over- ventilation is the appearance of large 2 to 5 per sec. waves 
especially when unconsciousness sets in. Our two patients who showed slow 
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rhythms were not unconscious at any time, and records from the other 19 
subjects usually showed less slow activity after NaCN. 

It is apparent that the explanation does not lie in the three possibilities 
just discussed. It is more reasonable to infer that NaCN acts directly on the 
cortex. As we see it, 15 or 20 secs, after injection of cyanide the carotid sinus 
is stimulated, setting up afferent impulses to the medulla with subsequent 
respiratory stimulation. After a lag of another 20 or 30 secs, the cortical re- 
sponse is obtained. The interval between the carotid sinus and the cortical 
responses must represent the "latent period” of the cortex for the response to 
cyanide, since the circulation time from carotid sinus to cortex cannot possibly 
be that long. Porter, Blair and Bohmfalk (1938) give a "latent period” for 
facilitation in the cat’s spinal cord by NaCN of the same order of magnitude, 
—12 secs., on the average. They concluded that slight asphyxia, due to the 
NaCN, causes facilitation at the synapses. This would account for the in- 
crease in amount and regularity of the cortical alpha rhythm. It might also 
explain the facilitation of slow rhythms if we assume that cyanide produces 
synaptic block, rather than facilitation, in a functionally "depressed" cortex. 
Synaptic block, produced by nicotine, does retard cortical potentials and 
makes them more regular (Libet and Gerard, 1938). However, the further as- 
sumption must be made that "depressed” cortical neurons have a lower 
threshold to NaCN than normally active neurons, so that concentrations of 
cyanide which are ordinarily excitatory now become markedly depressant. 
Such a mechanism would mean that both excitatory and depressant concen- 
trations of cyanide can increase the electrical activity of the cortex and make 
it more regular. 

The importance of the thesis that the pre-existing state of the cortical 
neurons determines their response at any given time (Blake and Gerard, 
1937) is emphasized by our experiments. If the tendency is toward fast activ- 
ity (i.e., the alpha rhythm) NaCN will enhance it; on the other hand, when the 
cortex is functionally "depressed” (as in narcolepsy and in catatonic stupor) 
slow activity, characteristic of subnormal cortical activity, is increased by 
cyanide. 

Summary 

Sodium cyanide was injected intravenously into 19 adult male subjects and 
the resulting changes in potentials from the cerebral cortex were recorded. In 
general, the alpha rhythm was enhanced, showing an increase in amount of 
activity, amplitude and regularity. In one narcoleptic and one stuporous 
catatonic patient, NaCN injection resulted in the appearance of regular, large 
slow waves. Both effects are interpreted as due to the direct action of NaCN 
on cortical neurons. The type of response (whether facilitation of fast or of 
slow rhythms) depends on the pre-existing state of the cortical elements. 
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It is a common observation that the strength of the reflex contraction of a 
striated muscle changes during prolonged stimulation of the afferent nerve, 
and that if the frequency of stimulation is not too low, the response tends 
to subside even during stimulation of maximal intensity. A number of 
workers have investigated the effect of continued stimulation of one afferent 
nerve on the response of the affected muscles to stimulation of a second 
afferent. Reflex movements of the hind legs evoked from different skin areas 
in the strychninized spinal frog were studied by Verworn (1901), and the 
elicitation of the scratch reflex in the spinal cat and dog by Sherrington (1906). 
The flexor reflex has been investigated by Lee and Everingham (1909), Forbes 
(1912), Upland and Michelson (1933), and others; and inhibition of the 
contralateral extensor by Forbes (1912). The general conclusions of these 
authors were that subsidence of the response was due to central "fatigue” or 
"pseudofatigue,” and that such "fatigue” of one afferent system did not 
necessarily affect another afferent system. 

If this "fatigue” were of the nature of "exhaustion” at the synapse and if 
it occurred generally, it would offer a further means for analysis of the spinal 
and medullary reflex mechanisms. It therefore seemed desirable to extend the 
observations to other reflexes. 


METHODS 

Cats were used throughout and were prepared by transection of the spinal cord at 
T6 or T12, one to eighteen hours before the experiment, or by anaemic or trephine de- 
cerebration In a few cases one of the barbiturate anaesthetics or urethane was given in 
addition For observations on the responses from stimulation of the motor cortex the ani- 
mals were anaesthetized with Dial Ciba, 0 7 cc per kg Reflexes of the hind legs only were 
studied and particular attention was paid to the ipsilateral flexor (tibialis anticus and gra- 
cilis) and the inhibition of the knee jerk Observations were also made on the ipsi- and con- 
tralateral extensors (quadriceps and gastrocnemius soleus) and the contralateral flexors 
Immobilization and fixation were by nerve and tendon section and drills in the bones 
Muscular contraction was recorded on a smoked drum by means of levers with heavy 
rubber bands, or optically by a Sherrington torsion wire myograph For afferent stimula- 
tion electrodes were applied to appropriate peripheral nerves (hamstrings, peroneal, pop- 
liteal, femoral), to posterior roots (6th, 7th and 8th lumbar), or to the motor cortex 
Several different types of electrodes were tried The most consistent results were obtained 
with silver-silver chloride electrodes applied directly to the nerve or through a Ringer’s 
solution-agar bridge The stimulating current consisted of 60 cycle a c. through a step- 
down transformer and potentiometer and of short, diphasic shocks from a photo electric 
cell stimulator with a frequency range of 1 to 360 per sec. 

Stimulation was always of such strength as to elicit maximal responses To test the 
adequacy of the stimulus several devices were used, including increase in the strength of 
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the stimulating current, moving the electrodes proximally along the nerve or testing with 
a second pair of more proximal electrodes. Improvement in the response indicated inade- 
quate stimulus. To control for changes occurring in the muscle the motor nerve was 
maximally stimulated before and after observations on the reflexes. 

The procedure in general was as follows. The muscle was prepared for recording, and 
stimulating electrodes were applied to two afferent nerves. One afferent was stimulated 
with a tetanizing current at frequencies of 30 to 360 per sec. continuously for periods of 

2 to over 20 min. in different observations. (This will be designated as the prolonged stimu- 
lus hereafter.) The other afferent was stimulated either by single shocks or by short tetani, 

3 to 5 secs., in such a manner and at such intervals as to evoke a constant response. (This 
will be designated as the test stimulus or test reflex hereafter). The course of the reflex 
elicited by the prolonged stimulus and the effect of the prolonged stimulus on the test 
reflex were noted. 

Results 

Consistent and reproducible results were obtained over periods of 4 to 5 
hours in the spinal preparations. With decerebrate preparations, however, it 
was often only possible to make 2 or 3 observations, following which the 
pulse became rapid and feeble, respiration gasping and all reflex activity 
depressed. This was particularly marked in cases which showed considerable 
generalized activity during stimulation. In cats under "dial” with intact 
central nervous system, the response to the initial stimulus was stronger 
than that to succeeding stimuli unless a period of more than 30 minutes’ 
rest intervened, after which another large response was obtained. 

In general two types of behavior of the reflexes resulted from prolonged 
stimulation: (i) rapid subsidence of the prolonged reflex, with little or no 
change in the test reflex; (ii) continued reflex activity of both inhibitory and 
excitatory nature throughout the period of adequate stimulation of the affer- 
ent nerve, with modification of the test reflex during and following this 
period. The former was exemplified best by the flexor reflex, the latter by inhi- 
bition of the knee jerk. 

Flexor reflex. The results on the flexor reflex coincided with those inter- 
preted as central "fatigue” by previous workers and need not be described 
in detail. At frequencies of stimulation above 60 per sec. the reflex contraction 
subsided in 30 secs, to 3 mins, in spinal and decerebrate preparations without 
anaesthesia, and in 3 to 20 secs, in preparations under dial. Facilitation of the 
test reflex could be demonstrated for a longer period, usually 1 to 2 mins. After 
facilitation had also subsided, the test reflex was evoked, in the majority of 
instances, as in the preliminary control period, and cessation of the prolonged 
stimulation had no further effect. In a few experiments the test reflex was 
diminished following the prolonged stimulation. That a considerable propor- 
tion of the motor neurons involved in the reflexes were stimulated by both 
afferents was demonstrated by the phenomenon of occlusion, and in several 
cases by the fact that each afferent evoked a reflex response which was 60 to 
80 per cent of the contraction resulting from stimulation of the whole motor 
nerve at the same frequency. 

This type of independence of the reflex arcs was readily demonstrated for 
the flexor reflex when either peripheral nerves or posterior roots were used as 
afferents. The contralateral flexor and the ipsilateral extensor also behaved in 
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the same way. On rare occasions a similar phenomenon was observed when 
the test response was elicited by stimulation of the motor cortex, and also 
rarely in the experiments on other reflexes. In the great majority of the latter 
experiments, however, quite variable results were obtained, which may be 
illustrated by the following examples of inhibition of the knee jerk. 

Inhibition of the knee jerk. In several experiments on inhibition of the knee 
jerk the initial response was of the type illustrated in Fig. 1, but in no case 
was this result obtained after a preparation had been subjected to 2 or 3 
periods of stimulation. The characteristic features were as follows. At the 
beginning of prolonged stimulation the knee jerk was inhibited and the 
muscle contracted in a more or less smooth tetanus, an ipsilateral extensor 
reflex. After a few seconds the knee jerk reappeared and was not inhibited 
again by increasing the intensity of stimulation (at the arrow in Fig. 1). That 
is, the knee jerk reappeared in the presence of apparent maximal stimulation 



Fic. 1. 3/4/38. Cat, male, 12 hours after transection of the spinal cord at T6. 

Left quadriceps recording. Knee jerks elicited by electrical hammer twice per second. 
Upper signal. Single shocks to left peroneal 66a before next succeeding knee jerk. 
Photo-electric cell stimulator, 30 volts. Middle signal. Prolonged stimulation of left popli- 
teal, 60 cycle n.c., 5 volts, increased to 10 volts at arrow, | . Lower signal. Time in seconds. 
The flattening of the record at the top of the ipsilateral extensor reflex was due to mechani- 
cal interference. 
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of the afferent nerve. The reappearance of the knee jerk usually occurred when 
the ipsilateral extensor contraction was at its maximum or had begun to 
subside. Throughout the period of stimulation there was evidence of continued 
inhibitory activity (depression of the level of clonus and a short inhibitory 
after-discharge in the case illustrated). Following a latent period of variable 
duration on cessation of stimulation a strong rebound contraction occurred 
which demonstrated the presence of excitatory as well as inhibitory activity 
during stimulation. 

In the example given the test stimuli (single shocks to the peroneal) were 
equally effective before the prolonged stimulus, after the reappearance of 
the knee jerk, and during the post-stimulatory rebound contraction, indicat- 
ing an independence of afferent systems. 

In other experiments in which the strength of the ipsilateral extensor 
contraction was less than that of the knee jerk, it was clear that the latter 
was inhibited and not occluded during the early phase of the former. Also the 
effect of the second afferent was to facilitate and not to inhibit the ipsilateral 
extensor. In both of these respects the ipsilateral extensor and the post- 
stimulatory rebound contraction appeared to be different phenomena, prob- 
ably with separate central neural mechanisms. 

The common type of response during prolonged inhibition of the knee 
jerk is illustrated in Fig. 2. This record was selected because it shows the 
essential features in short compass. Similar results, excepting the two sudden 
strong contractions during the terminal period of stimulation, were obtained 
in experiments in which the strength of the stimulating current was gradually 
increased from 2 to 50 volts over a period of 15 to 20 mins. The presence or 
absence of clonus or of irregularity of the knee jerk, as in Fig. 2, dining the 
preliminary period did not affect the course of the reaction. At the beginning 
of prolonged stimulation there was complete inhibition of the knee jerk last- 
ing from 4 or 5 to 50 or 60 secs., and usually a small ipsilateral extensor re- 
sponse. The knee jerk than reappeared, sometimes weak and irregular, some- 
times rapidly becoming strong. Increasing the strength of the stimulating 
current (at the arrow in Fig. 2), or moving the electrodes proximally on the 
nerve, abolished the knee jerk again for a further period. This could be 
repeated to the limit of the strengths of current used (50 volts) or to the limit 
of the length of nerve available. Similar results were obtained with frequencies 
from 60 to 240 per sec., the duration of the periods of effective inhibition 
decreasing with increase in frequency. Increasing the intensity of stimulation 
by large increments did not proportionately prolong the periods of inhibition. 
The quantitative relationships of these factors were not investigated due to 
the fact that with repeated stimulation other changes occurred in the prepara- 
tion as described below. The duration of the excitatory after-discharge varie 
in different preparations from 1 or 2 to over 40 mins. In general the decerebrate 
preparations showed greater excitatory after-discharge than the spinal, bu 
the two groups overlapped in this regard and the general condition of the 
animal appeared to be as important a factor as the level of transection. In 



Fie. 2. 2/28/38. Cat, male, 18 hours after transection of spinal cord at T6. 

Record and signals as in Fig. 1, except stimulus to popliteal nerve 12 volts, increased 
to 20 volts at arrow, ] • 

some cases the after-discharge did not appear unless the prolonged stimula- 
tion was of at least 2 minutes’ duration, but in the majority of instances it 
appeared after a succession of short (10 to 15 secs.) tetani. 

The response of the test reflex in the group of experiments under considera- 
tion varied greatly from preparation to preparation. In some there was little 
change of either the excitatory (ipsilateral extensor) or inhibitory action. 
In this respect the results indicated a certain independence of the reflex arcs, 
as was found for the flexor reflex. In other preparations, however, consider- 
able changes of long duration occurred, an example of which is illustrated in 
Fig. 3. Early in this experiment, Fig. 3A, the ipsilateral extensor response, 
evoked by a single shock to the peroneal nerve, was small and the after- 
discharge of inhibition of the knee jerk was profound and long. Figure 3B is 
a portion of the record during prolonged stimulation of the popliteal nerve, 
the voltage having been gradually increased whenever the knee jerk reap- 
peared ( e.g ., from 25 to 27 volts at the arrow). A single shock to the peroneal 
after 3 minutes’ stimulation of the popliteal showed a stronger ipsilateral 



Fig. 3. 2/24/38. Cat, male, 18 hours after transection of spinal cord at T6. 

Record as in Fig. 1. Upper signal. Prolonged stimulation of left popliteal, 60 cycle a.c. 
Voltage increased from 25 to 27 volts at arrow, T , in B. 30 volts in E and G. Middle signal. 
A single shock or a series of shocks at 1 per sec., 66<r before the next succeeding knee jerk 
to the left peroneal. Photo-electric cell stimulator, 40 volts. Lower signal. Time in seconds. 
For further description see text. 
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extensor contraction. C, D and E were recorded 6J mins, later, during which 
time two periods of stimulation of I min. each intervened. The ipsilateral 
reponse was much stronger, the inhibition weaker and its after-discharge 
shorter, particularly during the clonus in D. Thirty-eight minutes without 
stimulation elapsed between E and F. After this rest period the responses 
(Fig. 3, F and G) more closely resembled those at the beginning of the experi- 
ment (A and B), but the development of clonus and the curtailment of in- 
hibitory after-discharge to a single shock during clonus in G indicated that 
the activity built up before the rest period had not yet subsided. This illus- 
tration was an extreme case, but similar changes of smaller magnitude were 
common. 

A third type of behavior of reflex responses during and following prolonged 
stimulation was seen less frequently. It usually appeared in preparations in 
which the general reactivity was low, during the late stages of a long experi- 
ment, and in preparations which received barbiturate anaesthetics. In this 
type of response the ipsilateral extensor contraction was usually absent or, at 
best, very weak. During stimulation at frequencies of 60 and 120 at voltages 
of 15 to 30 for as long as 22 mins, there was no reappearance of the knee 
jerk and at the termination of stimulation there was little or no rebound con- 
traction. The test reflex was essentially unaffected by the prolonged stimu- 
lation. 

Contralateral extensor and other reflexes. In animals decerebrated by the 
trephine or anemic methods stimulation of the contralateral nerves evoked a 
number of reflexes. Extensor contraction was the usual response, but, par- 
ticularly with the second method of preparation, flexor contraction and inhi- 
bition of the extensors with or without rebound contraction were not in- 
frequent. The results of these experiments, as well as of the experiments on 
inhibition of the contralateral extensor and on facilitation of the contralateral 
motor cortex by an ipsilateral nerve, may be summarized as follows. 

The contralateral flexor reflex behaved in a manner similar to that of the 
ipsilateral flexor described above. Reflex inhibition of the contralateral exten- 
sor showed little tendency to subside during stimulation, but it was not fol- 
lowed by so prolonged a rebound contraction as was reflex inhibition of the 
knee jerk. Rapid subsidence of the other reflexes during continuous tetaniza- 
tion was rare. In the majority of instances they only partially subsided as 
long as the afferent nerve was adequately stimulated (frequencies of 30 to 
360 were used), and modification of the test reflex continued for periods up to 
4 or 5 mins, after the prolonged stimulation was terminated. Changes of 
long duration, 30 to 40 mins., such as that illustrated in Fig. 3, were not en- 
countered. The modification of the test reflex was always most marked and 
sometimes only present in its after-discharge. 

An example of the responses of the quadriceps to stimulation of contra- 
lateral nerves is shown in Fig. 4. The test reflex, A, showed inhibition during 
stimulation of the contralateral femoral and rebound contraction with rela- 
tively long after-discharge. The beginning of prolonged stimulation of the 
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contralateral sciatic is shown in B with the resulting contraction of the quad- 
riceps. This was not completely inhibited during the test stimulus, but was 
enhanced by the rebound. Stimulation of the sciatic was continued for 15 
mins, between B and C. The prolonged reflex had only partially subsided and 
there was facilitation of the rebound contraction of the test reflex, though the 
inhibitory component during stimulation was as complete as in A. Eleven 
secs, after cessation of sciatic stimulation the inhibitory component of the 
test reflex appeared unchanged, but the rebound contraction was markedly 
reduced. In 4 mins, the test reflex recovered. 



Fig. 4. 9/14/37. Cat, male, anemic decerebration. 

Left quadriceps recording. Upper signal. Prolonged stimulation of right femoral. 
Diphasic shocks, la duration, from the photo-electric cell stimulator through a 1:1 trans- 
former, 45 volts, 60 per sec. Middle signal. Stimulation of right sciatic for 5 second inter- 
vals. 60 cycle a.c., 3 volts. Lower signal. Time in seconds. For further description see text. 


Discussion 

As stated in the introduction, the phenomenon of subsidence of a reflex 
during continued stimulation has been generally interpreted as being due to 
a central "fatigue.” This sounds plausible, but gives no clue to the nature of 
the mechanism involved. In a number of experiments (c/. those of Upland 
and Michelson, and also those described on page 536, Fig. 2 above) the 
subsidence was apparently due to inadequate stimulation, following the 
change of threshold of the afferent nerve during activity. In other cases, e.g., 
in the experiment illustrated in Fig. 1, the phenomenon appeared to be due 
to reflex activity of opposite sign, possibly evoked by different fibers in t e 
mixed afferent nerve. Another example of this is the short maintenance o ie 
flexor reflex under barbiturate anaesthesia, the inhibitory mechanisms being 
relatively more effective with drugs of this group (Bremer and Moldaver, 



STIMULATION OP AFFERENT NERVES 541 

1933). It Is indeed probable that both of these factors, namely, cessation of 
activity in the afferent system peripherally, and reflex activity of opposite 
sign centrally, play a role in inost if not in all cases of so-called central 
"fatigue.” 

In the experiments reported here subsidence of central inhibitory activity 
only appeared in the presence of a strong excitatory component from the 
stimulation of the mixed afferent nerve, and "fatigue” or "exhaustion” or 
reflex inhibition did not occur. This apparent non-fatigability of inhibitory 
processes does not constitute a qualitative difference between them and the 
excitatory processes. If it did, one would have to assume that no intemuncial 
neurons were present in the organization involved in reflex inhibition, -which 
is highly unlikely. Further, the experiments on inhibition of the knee jerk 
(p. 535) showed that the excitatory activity elicited by the prolonged stimu- 
lation was as resistant to "fatigue” as was the inhibitory. The observations 
on the contralateral extensor and other reflexes (p. 539) may be similarly 
interpreted. The presence of profound inhibition and the absence of excitation 
in preparations in poor condition or under barbiturate anaesthesia (p. 539) 
constitute negative evidence with regard to the problem at hand, but suggest 
differences in metabolic and other chemical properties of the neurons or 
synapses involved. It may therefore only be stated that in certain reflex 
systems the central activity, whether inhibitory, excitatory or both, does not 
subside or "fatigue” as long as the afferent fibers are adequately stimulated 
for durations of 15 to 20 mins, and at frequencies up to 360 per sec. 

The specificity and independence of the afferent paths of the reflex arcs 
demonstrated by the present experiments may be accounted for by assuming 
specific and independent intemuncial neurons. Moreover, the fact that 
certain collaterals of the dorsal mot fibers end on the anterior horn cells sug- 
gests that the synapses are themselves independent urnts. 

No generalization can be made at present about the nature of the reflexes 
which show rapid subsidence as contrasted with those which do not, or 
about the properties of the neurons involved in their organization. It is not 
a function of the dominance of the reflex as measured by its capacity to pre- 
empt the final common path, nor a function of the number of synapses in the 
reflex arc ( cf . the flexor reflex, which subsides rapidly, and the contralateral 
extensor, which is well maintained). Certain teleological explanations may be 
given, but definite data are lacking. In the present series of experiments the 
reflexes which subsided rapidly were the ipsi- and contralateral flexor and the' 
ipsilateral extensor; those which were well maintained included the contra- 
lateral extensor , inhibition, of the knee jerk, rebound contraction of the quad- 
riceps following inhibition of the knee jerk, and, in cats under dial, facilitation 
of the contralateral motor cortex by an ipsilateral nerve. 

In conclusion it may be pointed out that, although there appears to be 
considerable variability in the responses of spinal and decerebrate prepara- 
tions to stimulation of peripheral afferent nerves, in a long series of experi- 
ments these different responses may be grouped into rather specific types. 
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Among the numerous factors which combine to determine the type of response 
evoked, the duration and intensity of previous stimulation, hence the tech- 
nique of preparation, must be considered. The more standardized the tech- 
nique becomes the more consistent will be the responses evoked, and also, 
frequently, the more dogmatic the conclusions drawn. 

Summary 

Certain reflexes of the hind legs of spinal and decerebrate cats, and occa- 
sionally of cats under barbiturate anaesthesia, were studied myographically. 
One afferent nerve was maximally stimulated at frequencies of 30 to 360 per 
sec. for periods of 1 to over 20 mins. Another afferent was stimulated inter- 
mittently in such a manner as to evoke a standard response. 

The ipsi- and contralateral flexor and the ipsilateral extensor reflexes 
subsided completely during the prolonged stimulation. In many cases the 
standard response was unchanged by the prolonged stimulation, in other 
cases it was slightly reduced. These results demonstrate a certain degree of 
independence of the afferent paths of the reflex arcs. 

Other reflexes, including the contralateral extensor, inhibition of the knee 
jerk, rebound contraction of the quadriceps following inhibition of the knee 
jerk, and facilitation of the response from the contralateral motor cortex by 
an ipsilateral nerve, showed the same type of behavior on rare occasions. Com- 
monly, however, the reflex did not completely subside as long as the afferent 
nerve was adequately stimulated. The standard response from the second 
afferent in these cases showed great variation, remaining unchanged in some 
but usually being either facilitated or inhibited both during the prolonged 
stimulation and for periods of 2 or 3 to over 40 mins, afterwards. 

It is pointed out that in many cases subsidence of a reflex response is due 
wholly or in part to inadequate stimulation of the peripheral afferent nerve, 
or to central reflex activity of opposite sign, and that in certain central ner- 
vous system mechanisms reflex activity, both excitatory and inhibitory, con- 
tinues as long as the afferent nerve is adequately stimulated. 
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Introduction 

The maintenance of a constant body temperature in animals having the 
power of heat regulation is due to the delicate balancing of activity of two quite 
distinct physiological mechanisms. One, commonly spoken of as the mech- 
anism of "heat loss” (or "heat dissipation”), prevents undue rise of body tem- 
perature by facilitating the dissipation of heat, and possibly also, by reducing 
metabolic heat. The other mechanism, commonly spoken of as that of "heat 
production,” prevents undue fall of body temperature by increasing the heat 
produced, as well as by restricting the dissipation of bodily heat. It has often 
been assumed that the various peripheral structures concerned in each reac- 
tion are controlled by the same central mechanism. The alternative possi- 
bility of each being to a degree independently regulated by discrete central 
mechanisms was implicit in Meyer’s original hypothesis concerning heat 
regulation; to quote Hasama : 1 "the thermo-regulatory adjustment of warm 
blooded animals is affected through a sympathetic thermogenic 'warm center* 
as well as through a parasympathetic thermolytic 'cold center’.” With regard 
to the central representation of these mechanisms Hasama states, "whether 
the two are morphologically separable or not we do not know, but they are 
apparently distinct and discrete functionally, inasmuch as they control each 
other antagonistically, and thus balance each other.” 

During the past several years evidence has accumulated which indicates 
a certain central structural and functional independence of these two mecha- 
nisms. I have described various procedures whereby in acute, as well as in 
chronic, cats and dogs, the mechanisms regulating heat production can be 
essentially eliminated, leaving certain components of the mechanisms regu- 
lating heat loss (panting and vasodilation) still intact . 2 3 4 5 6 The opposite 
situation, the more or less selective elimination of the mechanisms regulating 
heat loss with a sparing of the mechanisms regulating heat production, has 
been described by Bazett, Alpers, and Erb 7 in the cat, Teague and Ranson s 
in the cat, and Ranson, Fisher, and Ingram in the monkey . 9 


• The acute experiments involving transection at the pontile and thalamic levels 
were performed in the Laboratory of Physiology, Yale University School of Medicine in 
1929-1931. The work based on chronic preparations was carried out in Alabama, and was 
aided by grants from the Committee on Scientific Research of the American Medical 
Association and from the Rockefeller Foundation 
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The present paper extends my earlier findings with additional observa- 
tions on the efficiency of the mechanisms regulating heat loss in these prepa- 
rations, and it supplements the preliminary reports of this early work .- 3 ' 1 

PROCEDURES 

The various surgical approaches to the brain stem and the method of placing lesions 
have been described elsewhere. 6 The animals’ ability to prevent a fall in body temperature 
was determined by subjecting them to: (i) ordinary room temperatures, (ii) refrigerated 
box temperature ranging from 0° to 10°C., and (iii) out-of-door extremes during the 
winter months. Apart from observing rectal temperature under these conditions, observa- 
tions were also made relative to the presence or absence of shivering. The methods used to 
test the preparations’ ability to prevent a rise in body temperature were exposing them to: 
(i) a heat beam from an electric heater, (ii) a heated box with a glass door for observation, 
and (iii) the extremes of warm weather during the summer months. The presence or ab- 
sence of sweating and of panting were noted under all conditions. During heating tests 
in the acute experiments, respiratory rates were recorded on smoked paper by means of 
pneumograph. At the termination of the chronic experiments, as well as in most of the 
acute, the block of the brain stem containing the lesion was sectioned serially, usually at 
10n, and two alternate series of every 10th section were mounted. One set was stained for 
fiber tracts by a medullary sheath stain, and the other for cells with cresyl violet. 

Results 

Medial transverse section of brain stem in upper pons 

Acute experiments. In an early series of acute and subacute experiments 
where bilateral medial transverse lesions of various widths were placed in the 
brain stem at the level of the pons, it was found that the ability to regulate 
body temperature was not impaired until the lateral portions of the brainstem 
were infringed upon . 2 When wider lesions were made, the animals’ ability to 
maintain temperature became progressively impaired and finally eliminated; 
so long as a narrow strip of tissue remained on both sides, or even on one 
side, panting could still be elicited. Panting, however, often did not appear 
until the rectal temperature was raised above normal. The following are briefs 
of representative protocols. 

CAT 107— Operation, Dec. 6, 1929. Following a transverse section (Fig. 1) which cut 
the entire left medial segment and the greater part of the right medial segment of the brain 
stem at the middle level of the pons, this cat maintained a normal body temperature lor 
two hours in an icebox at 8 0 C.; there was conspicuous shivering. When placed in a he a tea 
box at 50°C., it did not begin to pant until the rectal temperature reached 40.4 C., a 
which time typical panting suddenly began and sweat appeared on the pads. The cat was 
tested on the 7th day after the brain stem lesion. , 

CAT 117— Operation, Jan. 11, 1930. After a lesion wider than that in Cat 107, but at 
the same general level (Fig. 1), Cat 117 maintained a normal rectal temperature at room 
temperature, but it fell from 39°C. to 33.8°C. during a period of 11 hours in an icebox a 
5°C., in spite of the presence of slight shivering. When placed in a heated box at o ., 
it did not pant until the rectal temperature had reached 42.2°C. At this time respira 10 
jumped suddenly from 40 to 150 per min. Two minutes later respiration was 245 per min. 
The cat was tested on the 3rd day after operation. , , • 

CAT 223— Operation, Jan. 18, 1930. Following the lesion which transected the Drain 
stem completely, save for a narrow strip on the left side (Fig. 1) Cat 223 was una i 
maintain its rectal temperature at room temperature, since, when removed hem 
cubator and placed in an ordinary laboratory room, the rectal temperatime rapidly 
32°C. without any evidence of shivering. In the heated box, respiration jumped su J 
from 42 to 240 per min. when the rectal temperature reached 40.4°C. The cat was 
on the 3rd day after operation. 



MECHANISMS OF HEAT LOSS AND HEAT PRODUCTION 545 

Chronic experiments. In conjunction with the foregoing acute experiments 
several questions immediately arose: Was the selective elimination of the 
mechanism of heat maintenance temporary or permanent in nature? Was a 
preparation which maintained the ability to pant also able to prevent a rise 
in body temperature under ordinary conditions of a raised environmental 
temperature? Were the fibers essential to the panting mechanism limited 
solely to the extreme lateral segments of the pons? For the solution of these 
questions it was necessary to turn to chronic preparations. That the heat 
maintenance mechanism can be permanently and markedly impaired by 
extensive medial transverse lesions in the upper pons, without materially 
effecting the heat loss mechanism, is evident from the following experiment 
(Dog 315-B). The location and extent of the lesion is indicated in Fig. 1. 



CAT 107 CAT 117 CAT 383 



CAT 39 DOG 315-B CAT 4B-B 

Fig 1 Drawings showing the location and extent of the lesions m 
the animals as labeled For descriptions see text 


DOG 315-B — Operation , May 15, 1934 By means of a bilateral dorsal exposure of the 
corpora quadngemma, a straight, blunt probe was projected downward at the tmdhne 
through the caudal region of the inferior colliculi and cephalic pons until the bone at the 
base was reached The probe was then moved laterally through the tissue of the pons, 
being withdrawn before the most lateral extent of the brain stem was severed This pro- 
cedure was first carried out on the left side and then repeated on the nght 

In the chronic state this preparation exhibited an inability to maintain a normal 
rectal temperature at room temperature, but did keep itself somewhat warmer than the 

r Pl- - J _ |V r -T - . . 

ion) it was 
mpernture 
was never 
, nd 30 5 ft C 

on me oui, lbth, and dist days alter operation respectively On the other hand, this dog 
maintained the ability to pant and to prevent the rectal temperature from rising above a 
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certain level when subjected to a warm environment. Thus on the 8th day following 
operation, after being placed in an overheated incubator, vigorous panting began as the 
rectal temperature reached 40.5°C. The response to the gradual rise of environmental 
temperature during a warm day is illustrated by its reaction on the 17th day after opera- 
tion: at 9:00 a.m. the rectal temperature was 38°C., respiration being quiet and regular; 
at 2:00 p.m. it was 40.2°C.; at 2:40 and at 3:20 the rectal temperature was 
typical thermal panting being present periodically. Thus with the onset of panting, a rectai 
temperature of 40.2°C. was reduced slightly and then maintained, and that without 
continuous panting. The observations on the 17th day were repeated on several subse- 
quent hot days with the same result. Death occurred the morning of July 2nd (48th day 
after operation) and a decubitus infection was present. The brain was removed and fixed 
in formalin. The midbrain-pons block was cut in transverse sections at 20 and every 10th 
section stained for fiber tracts by the Pal-Weigert method. The lesion had transected the 
entire brain stem except for the extreme lateral and ventral portions (Fig. 1). 

The fact that a lesion must reach well laterally before the mechanisms 
regulating heat production become impaired was, of course, evident from 
the acute experiments. This has been verified and emphasized in chronic 
preparations (cats) having medial transverse lesions at the pontile level. Cat 
39 is an example, the location and extent of the lesion being indicated in 
Fig. 1. 

CAT 39 — Operation, Dec., 1931. The same operative procedure was carried out as 
in Dog. 315-B. The lesion was at the same cephalic pons level and was of approximately 
the same width dorsally (the medial half of both brachia conjunctiva being degenerated), 
but ventrally the lesion was somewhat narrower than that in the dog. The cat survived 
until June, 1932. This cat maintained a normal rectal temperature immediately following 
operation and subsequently, even though it was housed in an open cage in a cold (poorly 
heated) laboratory during the winter months and was out-of-doors during the early spring. 
Shivering was prominent. Likewise the cat panted typically and sweated profusely when 
placed in an overheated incubator on the 22nd day after operation. In addition, it pre- 
vented a rise in rectal temperature when out-of-doors during the hot days of an Alabama 
early summer. 

The descending fibers governing heat Joss are not confined solely to the 
lateral segments of the brain stem at the level of the pons because cats, dogs, 
and monkeys in which the lateral segments were sectioned, leaving the 
medial segments intact (as indicated by the lesion for Cat 48-B), exhibited 
no detectable deviation from the normal in heat regulation either in the acute 
or chronic state. 

Transection of brain stem through caudal diencephalon 

Acute experiments. After carrying out the acute experiments described 
above, I endeavored to determine whether the mechanisms regulating heat 
production could be separated from the panting mechanisms at the level o 
the hypothalamus. 2 This seemed probable because the polypnea induced by 
light anaesthesia in normal animals had also been elicited in acute midbrain 
preparations. 10 In this study some 20 cats were maintained for 3 to 8 ays 
following a complete transection which passed just anterior to the superior 
colliculi dorsally and through the mammillary bodies ventrally (indicate y 
line 1, Fig. 2). Without exception, such animals exhibited no ability to preven 
a fall in their rectal temperature, it being necessary to house them in an in ^u 
bator. When removed from the incubator and placed in an ordinary ea e 
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room, their rectal temperatures fell rapidly to low levels and there was no 
shivering. All except two animals of this group also failed to pant even when 
overheated to the extent of convulsive prostration at rectal temperatures 
from 42.5° to 43.5°C. In two animals, however, typical panting was elicited 
by overheating with a heat beam. One such experiment on a cat is summarized 
in Table I. It will be noted that although panting was typical, with mouth 
open and tongue protruding, the maximal rate was slightly submaximal for 
the normal cat. 

In an effort to determine 
whether transections at high- 
er levels were less prone to 
eliminate the panting mecha- 
nism in the acute state, 
another series of some 30 
cats was studied following 
transections at various levels 
of the diencephalon. It was 
found that when transec- 
tions passed through the 
level of the chiasm ventrally 
(as indicated by lines 2 and 
3 in Pig. 2) the animals usu- 
ally were able to maintain 
normal rectal temperatures 
for 24-72 hours (shivering 
being present) after opera- 
tion. Nevertheless, overheat- 
ing these animals to fatal 
heat prostration failed in most instances to elicit panting. In the prepara- 
tions in which panting did occur, its onset was definitely delayed until ab- 
normally high rectal temperatures obtained. After its onset the panting was 
typical and maximal, however, and its abrupt onset was conspicuous.* 



Fig 2 Drawing sketched from a sagittal section 
through the diencephalon of a dog. Lines 1, 2 and 3 
indicate levels of transections in experiments de- 
scribed m the text Compote with Fig 7o 


Table 1 

Cat 93 — Operated upon Oct 23, 1929 
Observations — Oct 25 


Time 

Kectal temperature 

9’ 10 

38 

11 30 

38 2 

11 34 

i Heat beam on atumal 

21 37 

I 

11 40 

39 0 

11 59 

! 39 8 

12 05 

40 7 

12 13 

| Heat after water bath 

12 16 

[ 42 5 

22 27 

41 3 

2 05 1 

36 5 


Respiratory rate 

22 

30 

60 

90 

130 

150 Mouth open typical panting 
170 Mouth open typical panting 
150 
90 
90 
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Chronic experiments. The foregoing results on acute material suggested 
that the essential cephalic brain stem structures which regulate heat produc- 
tion are located rostral to the midbrain. However, the possibility remained 
that they might be located in part in the cephalic midbrain and only tem- 
porarily impaired by the acute lesion. (The failure to elicit panting in the 
majority of such preparations was interpreted on this basis.) If this were true, 
some heat regulatory power should return in chronic preparations of this kind. 
I had had little success in maintaining chronic midbrain animals, i.e., 4 to 6 
weeks after operation. Attention, therefore, was focussed upon postoperative 
care, 6 and specific heating and cooling tests were made only infrequently and 
for short periods. It was found ( verifying our obseravtions on acute material ) 
that maximal , typical panting is elicitable in the chronic midbrain cat and dog. 
In some instances the rectal temperature threshold remained above normal, 
while in others panting began before any appreciable rise in temperature 
occurred. Following high transactions in the cat, there appeared in the sub- 
acute and early chronic state (see protocol of Cat 10 below) some power to 
prevent a fall in rectal temperature when the animal was subjected to a cool 
environment. 4 Such a residual power was not present in the dog, at least to 
the extent seen in cats, following a transection at a corresponding level (see 
protocol of Dog 289). 


Day after operation. 


Table II. Cat 10 


Rectal temperature. 


°C. 

14th 9:00 a.m. 39.0 In incubator. 

2:30 p.m. 39.2 In incubator. 

Put in refrigerated box. 

2:55 p.m. 38.2 No shivering. 

3:25 p.m. 36.5 No shivering. 

4:45 p.m. 34.5 No shivering. 

5:45 p.m. 31.5 No shivering. 

Removed from refrigerated box. 

24th 7:00 a.m. 38.0 Room temperature 23°C. 

9:40 a.m. 38.2 

Put in refrigerated box. 

11:45 a.m. 36.0 No shivering. 

2:00 p.m. 34.0 No shivering. 


CAT 10— Operation, Oct. 11, 1932. Complete transection of the brain stem through 
the cephalic level of the midbrain was attempted through a bilateral dorsal exposure. 
The lesion was placed by traction with a milliner’s needle. Immediately following opera- 
tion this preparation failed to maintain a normal rectal temperature in the presence o a 
cool environment and had to be kept in a warm incubator. After 2 weeks it demonstrate 
considerable power of heat maintenance and could be housed in an unheated cage, a e 
II shows, however, that it remained unable normally to combat a cool environmen . 
On the 9th day after operation, typical, vigorous, maximal panting was ehcite w en p 
in a heated box; its rectal temperature was 41.9°C. and panting appeared abrup y a ® 
other preparations. It was not removed from the heated box until its rectal empe 
had reached 43°C.; no sweat appeared on the toe pads, although panting con 11414 
interrupted . The preparation was again placed in the heated box on the 45th ay a P 
tion; at a rectal temperature of 41°C. the respiratory rate was only 66 per mi. 
minutes later the cat was panting vigorously, the rectal temperature being 
The preparation was then cooled by immersion; exitus occurred the following ay- 
Sections through the lesion demonstrated that the transection was co p 
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level of the posterior commissure dorsally and the mammillary body ventrally except for 
a small tag of dorsal tissue on the left side into which the posterior commissure ended 
(Figs. 3a and b). 

DOG 289--Operation, Apr. 17, 1934. Complete transection of the brain stem through 
the cephalic level of the midbrain was attempted via a bilateral dorsal exposure. Following 
operation this dog failed to maintain its rectal temperature which was 28 5°, 29.2°, 30° 
and 28.5°C. on the 1st, 3rd, 12th, 18th, and 28th days after operation respectively. It was 
necessary to house this dog in an incubator during its entire postoperative course. Shivering 
was never observed. The dog was tested for panting on the 28th day after operation. At 
this time typical panting at a relatively slow rate (105 per min.) was elicited in an incuba- 
tor when the animal’s rectal temperature was 38°C. The dog was removed from the heated 
box and respiration continued at a rapid rate for some time in spite of a fall in the rectal 
temperature. On this same day it was placed outside in the sun. Typical rapid panting 
ensued, at a rectal temperature of 38.2*0. The following morning the dog began vomiting 
spontaneously and was sacrificed. The location and extent of the lesion is shown in Fig. 
3. e-h. 



Fig. 3. a-d are photomicrographs of cross sections from the series 
on Cat 10. Note completeness of transection except for dorsal 
medial tag on left side, e-h are photomicrographs of cross sections 
from the series on Dog 289. Note completeness of transection. 
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Isolation of the hypothalamus 

Acute experiments. The elimination of the mechanisms regulating heat 
production with sparing of the panting mechanism was particularly well 
demonstrated in acute preparations in which the hypothalamus was either 
completely isolated by a narrow lesion from the rest of the brain stem or its 
dorso-caudal connections were severed . 3 In certain of these preparations vig- 
orous, typical panting was readily elicited in spite of the animals’ being in a 
cool environment with a normal or even an extreme subnormal rectal tem- 
perature. Stimuli which normally are not concerned with, or at least are not 
adequate to excite, panting elicited polypnea with ease. Thus movements of 
the animal, passive or spontaneous, such as: arousal from sleep, urination or 
defecation, massage so slight as pinching the tail, activated the polypnea 
mechanism. In addition, these preparations exhibited continuous visible dila- 
tation of the ear vessels. The following briefs from protocols are representative. 

CAT 61 Operation, Feb. 8, 1932. An attempt was made to sever the hypothalamus 
from the lower brain stem by "over-cutting” its caudal, dorsal, and cephalic connections 
with a small blunt probe. No surface bleeding occurred . 

Postoperative notes. The cat’s temperature was maintained near normal in an incu- 
bator at 30°C. for the first 3 days after operation. On the 3rd evening the incubator was 

cooled to 24°C. The following morning the cat’s rectal 
temperature was 28°C. There was no shivering. On the 
5th morning the rectal temperature was 31°C., with 
the incubator at 27 0 C. There was again no shivering. 
Respiration at this time was fast, and pneumonia was 
suspected; the blood vessels of the ears were dilated. 
On the 8th day respiratory rate of the undisturbed 
animal was 36 per min. and rectal temperature 84 °C.; 
when picked up it promptly began typical panting. 
The ear vessels were again dilated. On the 11th day, 
pneumonia not having developed, the animal’s reac- 
tion to overheating was tested. At 1:30 p.m. it was 
placed in an incubator at 35°C. Its rectal temperature 
was 34.4°C. and its respiratory rate was 100 per min., 
when typical panting was present after handling. At 
1:45 p.m. the cat had become quieter in the incubator 
and was breathing 75 times per min. At 2:00 p.m. 
respiration was 130 per min., the mouth was not open, 
i.e., panting was not yet present. At 2:10 the cat was 
panting vigorously and typically, the mouth being 
open and the tongue protruding. The respiratory rate 
was over 180 per min. and rectal temperature 39.2 C. 
The cat had not gotten to its feet or moved except to 
stretch; panting in this instance was, therefore, elicited 
normally by heating. At 2:35 the rectal temperature 
was 41°C. and the cat was still panting vigorously. 
On the 13th day temperature was 32.5°C. with no 
shivering; at 7 p.m. on this day the preparation was found dead. , 

At autopsy the lungs were normal. The brain was clean and after the pia was stnppe 
the lesion was readily seen (Fig. 4) to pass well ahead of the optic chiasm anterior y an 
through the anterior extent of the mammillary bodies caudally. Serial sections o 
region revealed that the dorsal extent of the lesion encroached slightly upon the ven i ' 
portion of the thalamus. The whole of the hypothalamus except in its most cauda e * 
(caudal half of the mammillary bodies), was completely separated from the lower 
stem. The separated tissue still maintained its blood supply since there was no so 
evident; likewise there were no thalamic infarcts. . „ , 

CAT 1 11 — Operation, May 18, 1932. The hypothalamus was isolated as m uar > 

after which it was macerated with forceps . 



Fig. 4. Photograph of the 
brain of Cat 61 showing the sur- 
face boundaries of the lesion. 
Note that the hypothalamus is 
isolated from surrounding tissue. 
Also, that the isolated hypo- 
thalamic tissue exhibits no soft- 
ening. 
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Postoperative notes The morning after operation, respiration was rapid, being 108 
per min when the cat was resting The ear vessels were markedly dilated, and massaging 
did not elicit panting On the 2nd postoperative day the respiratory rate was 150 when the 
cat was resting m an incubator at 27°C and rectal temperature 36°C The ear vessels were 
dilated and massage of the animal ehcited 
typical panting On the 3rd morning the cat 
was panting typically with a rectal temper 
ature of 37°C , being housed in an incubator 
at 31 6 C The cat was sacrificed on this day by 
administration of nembutal The lungs were 
normal and the brain clean except for subpial 
blood stains on the right temporal pole The 
region of macerated hypothalamus was filled 
with clotted blood (Fig 5) There were no 
thalamic infarcts 

CAT 112— Operation May 6 1932 The 
hypothalamus was first isolated from its 
dorso caudal connections and then the hypo 
thalamic tissue was macerated with forceps 
No hemorrhage occurred 

Postoperative notes The morning after 
operation the cat’s rectal temperature was 
28°C and on the 5th morning 30°C There 
was no shivering At rest its respiratory rate 
was 150 per min , but the mouth was not 
open in the panting attitude As the cat stood 
up and began urinating it suddenly began 
panting vigorously and typically The ear 
vessels were moderately dilated The cat sub 
sequently until death on the 8th day, main 
tamed a constant picture It exhibited no 
evidence of being able to maintain its rectal Flc 5 p hotograp h 0 f the bram of 
temperature or to shiver The ear vessels Cat m Note the nbse nce of the hypo 
were continually dilated Respiration con thalamus and lts replacement with 
tmued rapid even when resting, typical pant dotted blood 
ing always occurred when the animal was 

handled or moved spontaneously The whole of the hypothalamus was involved by anemic 
necrosis without infringement upon the thalamus, except the most ventral portion (Fig 6) 




Fir 6 Photograph of a cross section at the 
le\el of the hypothalamus from the scries on Cat 
112 Note the entire hypothalamus is involved by 
anemic necrosis 


Chronic experiments A per- 
sistent absence of the mecha- 
nisms regulating heat production 
with a sparing of those regulat- 
ing heat loss has been encoun 
tered m several dogs, maintained 
to chromci ty , m which the dorso 
caudal connections of the hypo 
thalamic grey were severed 
Such dogs in the acute state ex- 
hibited an inability to regulate 
against a lowered environmental 
temperature, but in the chronic 
state some residual thermogenic 
power was evident Thus, sev- 
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tendency to polypnea. Subsequent to the test, however, it exhibited a definitely increased 
tendency to pant; thus, on the 25th day vigorous panting occurred with a rectal tempera- 
ture of 35 °C. and again on the 27th day with a rectal temperature of 34°C. On both occa- 
sions the humidity of the room was high and the dog was walking around. It is not clear, 
therefore, whether panting in these instances was due to an increased susceptibility to 
heat or a result of activity, as in Dog 116. It was suspected that the latter was the case. 
In any event, the animal became more sensitive after its experience on the 21st day. 

Death occurred on the 30th day from a jaw infection. The lungs and trachea were 
clean. The experimental lesion passed just dorsal and caudal to the caudodorsal and caudal 
extent of the mammillo-thalamic tracts and was like that in Dog 116, except that it did 
not reach as far anteriorly and dorsaliy. There was also a sizable anemic infarct in the 
thalamus on the right side (Fig. 7) . 

Dogs in which the lesions fell short of isolating the whole of the hypotha- 
lamic grey exhibited, normal power of regulating its heat production in the 
chronic state. Lesions of this type are shown in Fig. 8. The photomicrograph 
shown in Fig. 8a is of a section from the series on Dog 102-C. This dog was 
operated upon in April, 1936, and sacrificed three months later. The line in 
Fig. 8b indicates the dorso-caudal borders of the lesion in Dog 398-B, oper- 
ated upon in July 1934, and surviving three months. Most of the hypotha- 
lamic grey anterior and ventral to the black line was involved by lesion sear. 
These dogs, as is typical following such lesions, ran slightly subnormal rectal 
temperatures for several days after operation but subsequently exhibited 
no deviation from the normal either when subjected to low (refrigerated box 
at 5°C. ) or high (out-of-doors in summer at 30-35°C.) environmental tempera- 
tures. 




Fig. 8a. Photomicrograph of a sagittal section from the senes on Dog 
102-C. Note that the lesion passed just anterior to the mammillo-thalamic 
tract, and did not reach through the uppermost extent of the hypothalamus, 
b, A sagittal section through the hypothalamus with the dorso-cau a 
extent of the lesion in Dog 398-B indicated by an inked line. 

Discussion 

The permanent impairment of the mechanisms regulating heat production, 
caused by wide, medial transverse lesions at the upper level of the P? ns ^ ° 
315), is probably to be interpreted as due to the severance of descen mg 



MECHANISMS OF HEAT LOSS AND HEAT PRODUCTION 555 


normally essential to this function.* If this is correct, it is evident that these 
fibers (descendingfrom neural elements located in theposterior hypothalamus) 
have a wide-spread distribution at the level of the pons. This is in general 
agreement with conclusions drawn by Magoun, Ranson and Hetherington." 
The ability to maintain a normal rectal temperature and to shiver when sub- 
jected to a cool environment was not eliminated by medial transverse lesions 
until they reached well laterally (Cat 39) nor by lateral transverse lesions on 
both sides so long as strips of medial tissue remained unsevered (Cat 48). 
Shivering is, however, eliminated by medial transverse lesions before elimina- 
tion of the mechanisms of metabolic heat liberation, indicating more lateral 
distribution of the latter fibers. The experiments do not give information 
regarding the relative density of fibers in a pontile cross-section, since nothing 
is known regarding the number that can be destroyed without showing a 
deficit in function. The experiments do demonstrate, as would be expected, 
that there is an enormous reserve in this respect. It is quite possible, therefore, 
that the fibers subserving the mechanisms of heat production are actually 
more numerous medially than they are laterally, as Beattie, Brow and Long 1 - 
found for fiber degeneration following posterior hypothalamic lesions. It is 
likewise evident that the fibers descending from the cephalic mechanisms 
controlling heat loss also have a wide distribution at the level of the pons, 
since the power to prevent a rise in body temperature is not eliminated either 
by extensive bilateral medial or lateral transverse section. Our evidence indi- 
cates that the power to prevent a rise in rectal temperature is impaired before 
the power to prevent a fall when lateral lesions infringe upon the medial 
reticular areas. ^fliis suggests that the heat loss fibers are sparse in the tissue 
mmediately adjacent to the midline, at the level of the pons. Peet and List,' 3 
on the basis of clinical material, suspect that the descending fibers controlling 
sweat secretion also have a lateral course at this level. 

The failure of chronic midbrain cats and, especially dogs, as well as ani- 
mals with dorso-caudal hypothalamic connections severed, to regulate ade- 
quately against a fall in body temperature indicates that the bulk of the 
essential cephalic neural elements are actually confined to the hypothalamus 
in these species. Cat 10 (high midbrain) in the chronic state possessed con- 
siderable power to prevent a fall in rectal temperature when subjected to low 
environmental temperatures.- 1 Thauer and Peters" have shown this to be true, 
possibly to a more marked degree, in the rabbit, although Cat 10 is essentially 
identical to Rabbit 89 of their series. To a lesser extent, dogs in which only 
that portion of the hypothalamus caudal to the mammillo-thalamic tracts 
remained connected with the midbrain (Dogs 116 and 117) also maintained 
their rectal temperature. Since the midbrain dog (Dog 289) failed to display 
this residual power, it may be that a progressive encephalization of these 


* It is recognized that at times the rectal temperature is maintained in varying de- 
grees, with frequent uncontrollable hyperthermias, following complete transection of the 
brain stem at the level of the pons in the cat (Keller, A. D. and Hare, W. K., Proc. Soc. 
exp. Biol. A r . V., 1932, 29: 1167) and dog. It has not yet been determined whether this is 
due to a release of subsidiary mechanisms or to an abortive stimulatory effect. 



556 ALLEN D. KELLER 

elements occurs in the rabbit, cat, and dog. In any event, the question arises 
whether this residual power of heat maintenance is due to the recovery, dur- 
ing the subacute state, of cells caudal to the lesion normally concerned with 
this function or to the released activity of lower subsidiary mechanisms. The 
-first alternative seems the most probable. 

On the basis of acute experiments, I am in agreement with Bazett, Alpers, 
and Erb 7 and Teague and Ranson 8 that the anterior hypothalamus is not 
essential for the adequate regulation of body temperature against low 
environmental temperature. Furthermore, the ventral two-thirds of the 
hypothalamic grey can be separated or destroyed in the dog and cat (Dog 
398: Fig. 8) without permanently eliminating this mechanism. 4 The elicita- 
tion of typical thermal panting in acute midbrain preparations as well as in 
animals with the hypothalamic connections severed demonstrates that the 
hypothalamus is not essential to this function. Further, since such prepara- 
tions in the chronic state possess the ability of preventing a rise in body tem- 
perature, it is evident that this function in these circumstance is likewise 
independent of the hypothalamus. Whether or not avenues of heat loss other 
than those of panting and vasodilation were utilized in attaining this end is 
not yet clear. Visible sweat was not observed in these preparations. The recent 
work of Ranson, Fisher, and Ingram 9 suggests that the cephalic representa- 
tion of the sweat glands is confined to the hypothalamus in the monkey. This 
may likewise be true in the dog and cat. In this connection, it is to be borne 
in mind that the work of Hasama 1 and Magoun, Harrison, Brobeck and Ran- 
son 16 make it seem certain that the cephalic (brain stem) representation of 
the mechanisms controlling heat loss extends upward into the hypothalamus. 

The fact that the mechanism regulating heat loss carries on adequately 
in preparations in which the mechanisms controlling heat production have been 
virtually eliminated, bears ample evidence of functional independence of the 
former from the latter. In spite of this, a reciprocal innervation between the 
two mechanisms is to be expected. The striking release of the panting and 
vasodilator outflows in certain of the anhypothalamic and midbrain prepara- 
tions may be evidence of such a relationship. It is more specifically shown in 
preparations in which thermal panting was elicited only when the rectal 
temperature reached the normal panting level, yet continued for some time 
after the rectal temperature was again reduced below normal (see protocols of 
Dog 289 and Cat 61). Thus, in these preparations the mechanism for acti- 
vating the heat loss outflows is essentially normal, but that for arresting 
their activity is partially impaired. Whether or not the increased suscepti- 
bility to panting at low rectal and environmental temperatures is a result 
of the absence of a normal reciprocal innervation between the two mecha- 
nisms, this phenomenon must be due to some sort of released activity because 
it continues into the chronic state. An irritative effect would be present only 
in the acute and subacute states. This increased susceptibility to polypnea 
encountered in our preparations (1932) is undoubtedly the same phenomenon 
described by Lilienthal and Otenasek 16 and termed by them "decorticate 
polypneic panting” (1937). 
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Summary 

In the cat and the dog the mechanisms controlling heat production can be 
virtually eliminated, while sparing the mechanisms regulating heat loss, by 
the following procedures ( 1 ) severing all descending fibers except those m the 
outer extent of the lateral reticular formations by a wide medial transverse 
lesion at the upper pontme level, (n) complete transection of the brain stem 
through the caudal extent of the diencephalon, and (in) severing the dorso- 
caudal hypothalamic connections 

The structural elements subserving the mechanisms of heat loss and heat 
production in the cephalic brain stem have separate anatomical loci, the former 
extending further caudally than does the latter Further, the fibers descending 
from the mechamsms controlling heat loss have a shghtly greater lateral 
distribution at the level of the pons than do those involved m heat produc- 
tion Both sets of fibers are widely distributed at this level 

Although activation of the heat loss and the heat production mechanisms 
is quite independent, a reciprocal innervation, nevertheless, exists between the 
two 
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Many methods for determining the absolute and relative oxygen requirements 
of different parts of the nervous system depend on recognition of structural 
or functional changes which follow deprivation of the normal oxygen supply. 
Since it is generally believed that the structures with the highest respiratory 
rates suffer most rapidly from oxygen want, three time parameters can be used 
to obtain quantitative evidence of relative oxygen requirements (Gerard, 
1938a, b); (i) survival time, i.e., the duration of anoxia required to bring about 
the change in question (e.g., loss of response, histologic alteration); (ii) revival 
time, i.e., the duration of anoxia which still permits reversal of this change 
when oxygen is restored; and (iii) recovery time, i.e., the interval between 
readmission of oxygen and start of restoration to normal. 

Anoxia of the brain in situ may be produced suddenly by quick occlusion 
of arterial blood flow. Using rabbits, Astley Cooper, in 1836, first blocked both 
carotids and vertebrals, and observed muscle spasm and respiratory failure, 
and similar though milder changes in dogs (because of their richer anastomo- 
ses). This work has been extended to other animals (Hill, 1900; Pike, Guthrie 
and Stewart, 1908a; Gildea and Cobb, 1930), and to the resuscitation of the 
head and brain by perfusion of the isolated head (Hayem and Barrier, 1887; 
Pike, Guthrie and Stewart, 1908b; Crile and Dolley, 1906; Heymans, Jourdan, 
and Nowak, 1934); and anaemic decerebration has been introduced (Pollock 
and Davis, 1923; Swenson, 1925; Kabat and Dennis, 1938). The differential 
effects of anoxia have been investigated further by studying, during or after 
anemia, histological changes (Gomez and Pike, 1909; Gildea and Cobb, 1930), 
conditioned reflexes (Andrejev, 1935,a,b), reflexes of the brain stem (Hey- 
mans and coworkers, 1934, 1935, 1937), and changes in chronaxie (Rizzolo, 
1927; Richard, 1936; A. and B. Chauchard, 1936). Of these methods, only the 
histological approach lends itself to fine localization and even this is unsuc- 
cessful when applied to the brains of animals dying during, or soon after, acute 
anaemia (Gomez and Pike, 1909). 

The newer electrical techniques offer a better means of following continu- 
ously the influence of anoxia on specific brain regions. Prawdicz-Neminski 
(1925) obtained waves of 11 to 16 per sec. from the motor and visual cortices 
of curaiised dogs, with the string galvanometer, and followed changes in them 
after suspending artificial respiration. The potentials did not alter during the 
(estimated) dyspnoea phase of asphyxia; they increased through the convul- 
sive phase but reached a maximum, at 3 minutes, after convulsions ceased, 
and finally disappeared in 5 minutes, though the heart continued to beat. This 
refuted the contention (Tchiriev, 1904) that brain potentials were due to move- 
ment of blood and lymph. Bartley and Bishop (1933) reported a periodic 
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pahng and flushing of the cortex associated with a decrease and increase of 
potentials, and a complete absence of potentials 3 to 5 minutes after ligating 
a superficial artery supplying the area under observation Bilateral carotid oc- 
clusion abolished the 8 to 18 per sec potentials from the cat’s motor cortex in 
20 sec (Simpson and Derbyshire, 1934) One of their records (in Gibbs, Davis, 
and Lennox, 1935) shows return m 30 secs after release of a 60 sec occlusion 
The occipital cortex showed less change, attributed to circulation through the 
vertebrais 

The human EEC was reported (Berger, 1934) to become more regular and 
with larger waves, rather suddenly, after about seven minutes rebreathing 
from a closed bag with C0 2 absorbed Breathing mixtures of low oxygen pres- 
sure slows and diminishes the 10 per sec waves m man (Davis, Davis, and 
Thompson, 1938) leading ultimat ely to loss of all activity or appearance of the 
slow "delta” waves Potentials of the "isolated” cat brain (severed at the 
pons, Bremer, 1935) are affected in 12 secs after ceasing artificial respiration 
and gone m 40 to 50 secs (suprasylvian gyrus, Bremer and Thomas, 1936), to 
reappear within 3 secs (Bremer and Thomas, 1936, Fig IE) after respiration 
is resumed Thalamic potentials are lost m 60 secs following simple carotid 
occlusion (Dubner, unpubhshed) A sufficient fall m blood pressure, produced 
by raised pericardial pressure (Beecher, McDonough, and Forbes, 1938) or by 
peripheral vagus stimulation (Bailey and Bremer, 1938), hkewise eliminates 
cortical potentials in the cat 

In many of the studies cited, anoxia has been far from complete, due to 
continued vertebral and other circulation, and times from interference with 
respiration or oxygen supply to changes m brain potentials do not, of course, 
give the survival time for brain structures but this plus an unknown duration 
of diminishing oxygen delivery to them Further, no comparative values for 
various brain structures are available It was our intention, therefore, to ob- 
tain records of potentials from a number of regions and to follow quantitatively 
the changes induced in them by abrupt and complete stoppage or release of 
the blood flow, m the hope that these survival and recovery tunes could be 
related to other data indicating the relative respiratory requirements of brain 
structures 


METHOD 

Cats were anaesthetised with nembutal (30 mg per kg intrapentoneslly), a tracheal 
cannula inserted, lifting ligatures placed on both carotids and the vertebrais exposed and 
ligated In the cat, complete interruption of the carotid and vertebral circulations (vended 
at autopsy) leads to respiratory failure in 30 40 secs , preceded by variable tonic and clonic 
contractions and such failure after occluding the carotids temporarily was taken as an 
indication of the successful elimination of all vertebral flow The control is important for 
accessory vertebrais arc common especially on the left side, and as many as three vessels 
on one side and two on the other hav e been encountered in three animals Sometimes it 
was necessary to ligate the vertebrais at their origins after dissecting along the sub 
clav lans usually exposure between the longus colit muscle and the 7th and 6th cervical 
roots was sufficient 

The animal was now turned over, the head elevated, and extensive removal of the 
left side of the calvarium achieved with relatively little bleeding The Horsley Clarke in 
strument was then attached Concentric or bipolar leads fed potentials through a push 
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pull, resistance-capacity coupled amplifier into a crystograph, loud speaker, and cathode 
ray oscillograph. Two channels were usually used, a lead from the motor cortex serving as 
a standard of reference for another one which was moved about at intervals. The cortex 
was carefully kept warm and moist with ringer-soaked cotton and the scalp wound was 
closed with clips between adjustments of electrodes. 

Finally, the right (contralateral) carotid was ligated, and the thread about the left 
one led into a glass tube so that it could be occluded by traction without otherwise dis- 
turbing the animal or producing an electrical artifact. Anaemia periods of 20-180 secs, 
were used, usually not repeated within ten minutes of a preceding one. Observations be- 
gan three to four hours after anaesthesia was induced and when the anaesthetic effect had 
largely worn off. When repeated anoxia had modified the preparation too much, after 
several hours, the head was perfused with Ringer followed by 10 per cent formalin, and 
allowed to harden. The electrode positions were checked by gross section, the needle track 
being well marked and its deepest point taken. Agreement with the Horsley-Clarke co- 
ordinates (Gerard, Marshall, and Saul, 1936) was usually good. 

Results 

Satisfactory experiments were performed on 15 cats, with many observa- 
tions from each of several regions. The usual signs of brain anaemia were 
regularly observed: first increased respiration (usually immediate in onset) 
followed by general tonic and clonic movements (from the 20th to the 60th 
sec.), then progressively diminishing breathing and movements ending in 
apnoea and flaccid areflexia (30 to 40 secs, for cessation of respiration; 60 to 
70 for passive posture). A comparable sequence is manifest in brain potentials, 
which will be described first as typical of the motor cortex. Special variations 
will be considered later. 

In the motor cortex (Fig. 1), high frequency waves appear or increase in 
speed and amplitude from one or two seconds after cessation of respiration 
until 10 or more. By 12 secs, all fast waves have disappeared, and the slower 
ones (1 to 3 per sec.) by 20. The record remains flat for the remainder of a 
29-second anaemia period. Five seconds after restoring blood flow, electrical 
activity is ushered in by low irregular waves, with a spindle of 6 to 9 per sec. 
starting at the ninth second and lasting nine more, gradually fading into a new 
abruptly starting spindle of considerable regularity. Fast waves soon appear, 
and are partly superimposed on other spindles, which continue to reappear 
with diminishing amplitude and regularity and with increasing wave fre- 
quency (10 to 12 per sec.) and longer intervals between groups until, by four 
to six minutes, the normal appearance of continuous rapid waves or rapid 
waves and spindles is established. 

The post-anaemic spindles are especially characteristic and also vary most 
consistently with the duration of the anaemia period. With longer occlusion, 
the spindles begin later after release and are individually longer (compare the 
values for a 235 sec. occlusion with those above for a 29 sec. one: the first 
spindle began 33 sec. after release and continued for 40 sec., instead of 9 and 
9). In fact, as shown in Fig. 2, there seems to be a linear relation between oc- 
clusion time and recovery time. Furthermore, the spindles usually start at 
slow frequencies and finish with rapid ones (variations from 6 per sec. to 12 
per sec. have been found between the beginning and the end of long spindles). 
These relatively slow waves follow anaemia even though fast waves only were 
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discernible in the preocclusion record; 
when the preocclusion record con- 
tains spindles, these are usually 
smaller than the postocclusion ones. 
(This enhancement of existing 
rhythms has been found also in the 
geniculate body and the cerebellar 
grey.) The beginning and ending of 
spindles may be gradual or abrupt; 
usually the first postanaemic one has 
a gradual start, while the ones which 
follow become increasingly abrupt 
(Fig. 3). 

Fast potentials, throughout the 
brain, are more susceptible to anae- 
mia than slow ones. After an initial 
increase, they disappear before the 
slow; they return later when circu- 
lation is restored; and they are abol- 
ished irreversibly after repeated 
anoxia periods when the slow waves 
may show no measurable modifica- 
tions. Slow waves from the medulla 
and cerebellum are so resistant to 
anaemia that they often remained 
at the end of an occlusion lasting 
two to three minutes, although the 
fast oscillations were gone in 40 or 
10 secs., respectively. Bursts of rapid 
waves often appeared late in these 
regions, however, and might be seen 
for 4 to 6 sec. periods as late as 
one minute after occlusion. The pos- 
sibility that these variations might 
be due to incomplete anaemia could 
not be directly attacked, but the 
criteria of anaemia were satisfied in 
these animals (including the disap- 
pearance of simultaneously recorded 
potentials from the motor cortex, 
and the complete disappearance of 
potentials from other regions in the 
medulla and cerebellum). 

The obex region of the medulla 
has commonly developed a special 



Fig. 1 . Anoxia and recovery of motor 
cortex. First 7 strips continuous (70 secaO, 
lower 3 at indicated times after release. Caro- 
tid clamped at first arrow (C) released at sec- 
ond (R).In all figures, horizontal ruled line is 
1 second and vertical is 100 microvolts. 
Read from left to right. 
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Occlusion 

time 

(seconds) 
90 _ 



10 


Recovery time (to first spindle) 
(seconds) 

Fig. 2. Duration of recovery time as a function of dura- 
tion of occlusion. The data indicate a linear relationship, i ne 
curves for individual animals seem to fall into two gro P 
different slope. Data for motor cortex, on nine cats (each one 
line). Observed points shown for cats 9 and 14, o 
points) omitted. One aberrent animal not shown. 
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Fig 3 Motor cortex. Upper left, before anoxia; upper right, A\ minutes after re- 
lease, amplitude still increased Middle and bottom records, continuous stnp from 10 to 
40 seconds after release of a 30 second occlusion Note gradual (first) and abrupt (second) 
start and end of spindles, also duration, regularity, amplitude and accelerating frequency 
in each 

and striking slow potential wave; appearing suddenly after the initially pres- 
ent waves have become flattened out, increasing to large amplitudes (60 micro- 
volts from a previous level of about 20) during continued occlusion, and per- 
sisting for a minute or more into the post-anaemic period These potentials 
start out coincident with the heart heat, but the individual wave, initially of 
rough sine form, is far longer and slower than any electrocardiogram element 
(Fig. 4), and as it grows in amplitude, a notch, or even two successively, ap- 

AlNSIS^ 


Hill 4 4 4 4 44 W -M--H I i I 




Fie 4 Medulla, below obex (above) and electrocardiogram (below) Upper row, left 
to right before occlusion, 5 secs , and 45 secs after occlusion Lower row. 70 secs and 150 
sec*? after occlusion, and 45 secs after release Note high frequency waves early in occlusion 
followed by slow waves in time with heart beat. 
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pears on it. The absence of large arteries from this region, and the peculiar 
shape of the wave make it unlikely that this could be an arterial artifact (all 
the more so because the blood supply is clamped off); but it is much more prob- 
able that it is an artifact from the venous pulse, caused by movements of 
blood in the large posterior spinal vein nearby. Evoked potentials, from shin- 
ing light in the eyes, as well as the spontaneous ones, were studied in the 
lateral geniculate body in relation to anaemia. The spontaneous waves, and 
the "on” and "off” discharges disappeared together after about 35 secs, of 
occlusion, and returned together following release. 

Since our main interest in these experiments was to obtain survival times 
as an indication of the respiratory requirements of various brain masses, it 
was important to determine to what extent the anaemia acts via anoxia. In- 
terruption of the blood supply causes a fall in available oxygen and glucose 
(of prime importance to brain) and a rise in C0 2 and other acids. Altered salt 
distribution is secondary to anoxia (Dennis and Muhin, 1938; Tupikova and 
Gerard, unpubl.) and changes in other substances are probably of lesser im- 
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Fig. 5. Characteristic records from various brain regions. The first vertical column 
contains 5 sec. strips before occlusion; in the second column each strip is 10 secs, beginning 
at the indicated number of seconds after occlusion; the 5 sec. strips in the third co umn 
are from the 40th to the 45th sec. of a 50 to 70 sec. total occlusion period; the 10 sec. strips 
in the fourth column begin at the indicated number of seconds after release. The horizon a 
rows are from the following structures: A, cerebellar cortex; B, motor cortex, O, ascm 
dentata; D, lateral nucleus of the thalamus; E, dorsal nucleus of the thalamus, h > 13 

geniculate body; G, lateral geniculate body; H, spinal Vth tract in medulla. Note di eren 
amplifications for rows A and B; from C on all alike. 
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portance. Carbon dioxide accumulation has been shown to increase fast waves 
(Lennox, Gibbs, and Gibbs, 1938) and may contribute to the augmented high 
frequency potentials encountered early in anoxia. In sufficient excess, CO. 
also abolishes activity (Bremer and Thomas, 1936; Lennox, Gibbs, and Gibbs, 
1936; Gerard, Marshall, and Saul, 1936). Hypoglycaemia acts much like 
(Gellhom, Ingraham, and Moldavsky, 1938) and even directly induces (Him- 
wich, et al., 1938) a lowered oxygen usage, so it was especially important to 
evaluate this factor in anaemia. 

If sugar depletion were the primary cause of the potential changes of 
anaemia, then increasing the blood sugar before occlusion should delay the po- 
tential changes. This was not the case: intravenous glucose up to two grams 
per kilo, administered just before occlusion, had no effect on the time relations 
or the changes seen. Lowered blood sugar (insulin, three units/kilo, one hour 
before occlusion), however, did alter the effects of anaemia. The early in- 
crease in rapid waves (and motor discharges) is advanced and augmented, 
total activity is lost sooner — e g., 23 instead of 33 sec in the geniculate — and 
the post-occlusion spindles are delayed and less regular. Further, a large 
(30-50 ;iv), slow (0.7 sec.) wave with abrupt polarity changes appeared late 
in the anaemia period, after the base line had become fiat, simultaneously in 
motor cortex and geniculate. It is hkely that this wave is of the same nature 
as the slow waves occasionally seen after occlusion in other records, simul- 
taneously in different parts of the brain which have not been showing syn- 
chrony, and represents blood movements 

Apart from occlusion, an interesting effect of anoxia was brought out by 
the insulin action, which initiated Cheyne-Stokes respiration. During the 
apnoeic intervals, cortical potentials showed spindles which faded to quies- 
cence; with the resumption of respiration, the spindles returned, and activity 
was maximal as the respiration reached its peak. It seems probable, then, that 
anaemia acts mainly via anoxia if the blood sugar is not too low at the start; 


Table I 

Survival Times 


Cephalic region 

Time for disappearance 
of potentials (seconds) 

Cerebellar grey 

10-12 

Ammon’s horn 

10-12 

Cerebral grey (cortex) 

14-15 

Subcortical white matter 

20-22 

Corona radiata 

20-25 

Caudate nucleus 

25-27 

Ventrolateral nucleus of thalamus 

28-33 

Lateral gemculate body 

32-37 

Medulla Reticular formation near n vagus 

30-40 

tuberculum cuneatum 

over 2 nuns 

spinal V tract 

over 2 nuns 


Times given are for representative occlusions performed at the beginning of experi- 
mentation * successi\ e occlusions lower these values from 1 to 5 secs 
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and the different survival and revival times for particular regions are related 
to their oxygen needs. These times are shown in Tables I and II. 


Table II 
Recovery Times 


Cephalic region 

Time from release of occluded carotid to 
beginning of restoration of normal waves 
(seconds) 

Corona radiata 

4-6 

Dorsal nucleus of thalamus 

6-8 

Rubrospinal tract 

10 

Optic tract 

10 

Lateral geniculate 

12-14 

Fascia dentata 

12-15 

Lateral nucleus of thalamus 

15-17 

Cerebral cortex 

17-19 

Cerebellar grey 

23-25 


Times given are for 55—79 second occlusions brought to one minute by comparison 
with simultaneously recorded motor cortex records. Because of the variations from cat to 
cat (see Fig. 2), the above, typical, values have been taken from one animal. 


Though particular structures have their individual time and form char- 
acteristics for loss and return of potentials (Fig. 5), certain wave trains not 
uncommonly return simultaneously in several regions. In such cases, after 
anaemia, bursts appear together, repeated or with increasing asynchrony (Fig. 
6). The motor cortex has at one time or another shown such synchrony with: 
the lateral nucleus of the thalamus, the lateral geniculate body, the corona 
radiata, the cerebellar grey, and the caudate nucleus (where, as in Fig. 7, the 
synchrony is much better after anoxia than before). 

Discussion 

That anoxia alone can abolish brain potentials is clear from experhnents 
on breathing mixtures of low oxygen pressure by man (Davis, Davis, and 
Thompson, 1938; Gibbs and Davis, 1935; Hoagland, 1938), and cats (Derby- 
shire, Rempel, Forbes, and Lambert, 1936), as well as from the present evi- 
dence. The changes which follow sudden anaemia are primarily due to anoxia, 
but hypoglycaemia and especially hypercapnia may well contribute, as a o 
may the increased extracellular potassium induced by anoxia (Tupikova an 
Gerard, unpubl.; Dubner, 1938; Libet and Gerard, 1938). We have not spe- 
fically eliminated possible effects of afferent impulses from the carotid o y, 
following sudden occlusion of the common carotid, but there is no reason o 
suspect that these might evoke the changes seen, nor do so with speci c time 

differences from one brain region to another. _ _ . , 

The possibility must be considered that the differential surviva imes 
found are a result of incomplete anaemia, those regions receiving the mos 
blood naturally surviving the best. The only source of a continued bloo sup- 
ply would be the anterior spinal artery, which was not specifically ga e 
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Fig 6 Cerebellar (upper) and motor (lower) cortex records, faster speed Note the 
greater amplification for the cerebellar records Upper two rows, at indicated second after 
occlusion, lower two rows, same after release Note high frequency waves in cerebellum 
are much increased during anoxia when motor cortex has already become quiescent After 
anoxia, note marked synchronization of cerebrum and cerebellum hut also, withm a few 
seconds of one another, completely independent rhvthms in either one of these structures 

This is normally very small in the cat and, in the neck region, derives its blood 
mainly from the vertebral arteries above the level of their ligation. The respi- 
ratory center lies in the base of the medulla in the direct path of any blood 
still passing in the spinal artery; yet in all cases in which the four large arteries 
are ligated (and not in those in which even a branch of an accessory vertebral 
escaped) respiration failed in 28-35 seconds after occlusion. Further, it has 
been shown (Stewart, Guthrie, Burns, and Pike, 1906) that in similar prepara- 
tions, pigment injected intravenously into the peripheral circulation usually 
did not reach above C3 or C4 and never above the calamus. Yet under these 
conditions potentials from the cerebellum have persisted after medullary 
activity was abolished. It seems, therefore, that a continued circulation of 
small amounts of blood can have little if any influence on the present results. 
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The survival times of particular brain regions may than be taken as an 
index of their relative respiration rates. That these have been significantly 
altered by anaesthesia is improbable. Nembutal is a short-acting barbiturate 
and several hours elapsed between its administration and the start of observa- 
tions; and, even at an earlier stage, this drug has little influence on brain 
potentials (Bremer, 1936; Derbyshire, Rempel, Forbes, and Lambert, 1936; 
Beecher, McDonough, and Forbes, 1938). Also, the unanaesthetised isolated 



Fig. 7. Caudate nucleus (upper) and motor cortex (lower) records. Bipolar electrodes 
in each. Upper row before anoxia, lower row 45 secs, after release of a 52 sec. occlusion. 
Note imperfect synchrony before anoxia, more striking synchrony after. 


brain preparation (Bremer, 1936; Bremer and Thomas, 1936; Bailey and 
Bremer, 1938) behaves much like the barbitalised one; and our present find- 
ings are comparable to those of Bremer except for the actual time scale. Since 
in the earlier experiments the blood supply was not completely eliminated 
(carotid occlusion only) or anoxia was produced by stopping artificial respira- 
tion, the longer intervals observed, as compared to the present ones obtained 
by sudden complete anoxia, are easily understood. Only a very partial or 
slowly developing anoxia could account for the long persistance of brain po- 
tentials and respiration found in the earliest work (Prawdicz-Neminski, 1925). 

Survival times vary by a factor of four (over ten if all slow waves are in- 
cluded) from the shortest, in the cerebellar grey, to the longest, in the medulla. 
Arranged in order of decreasing times, structures fall into an anatomical se- 
quence from "lower” to "higher” centers, or a phylogenetic one from older to 
newer (Pike, Guthrie, and Stewart, 1908a). The principal exception seems to 
be for the survival time of the cerebral cortex; which exception disappears in 
the revival time sequence (Heymans, et al., 1937). The same general order, 
manifest when survival, revival or recovery times are considered, is met m 
mineral content (Alexander, 1938; Tupikova and Gerard, 1937) and in as- 
phyxial degeneration determined microscopically; and, particularly, parallels 
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that for oxygen requirements, determined directly (Dixon and Meyer, 1936) 
or by histochemical reductions (Sugar and Gerard, 1938). There are, then, 
quantitative respiratory and other chemical gradients in the nervous system 
entirely comparable to the phylogenetic, anatomical, and functional ones 
that have long been recognized. 

These findings also bear on the question of the differential susceptibility 
of synapses and so on their respiratory intensity. It is widely held that the 
synapse is uniquely sensitive to chemical insult and, partly on the basis of cap- 
illary richness of many neuropils studied, that it has an especially intense 
metabolism. This has been examined in detail elsewhere (Gerard, 1938) and 
the histochemical evidence has argued against this view (Sugar and Gerard, 
1938). Here again it is seen that synaptic conduction persists well into the an- 
oxic period, for optic impulses are recorded from the geniculate as long as the 
spontaneous rhythm is there and for some time after rhythmic potentials in 
the cortex have vanished. The afferent trains can be recorded from the thal- 
amus while the thalamic cells are still able to respond, on advancing into or 
recovering from a period of anaemia. Even more striking are the findings 
(Bronk and Larrabee, 1937; Bargeton, 1938) that synaptic conduction 
through the cervical sympathetic ganglion can withstand over an hour of 
anoxia and fails no more rapidly than does conduction in non-synapsing fibers. 

The increased electric^ activity, especially high frequency waves, that 
appears during the earlier stages of anoxia, often parallels the motor signs of 
stimulation (hyperpnoea, clonus) but precedes them. The latter might repre- 
sent either a release of ■' ’ ' ’ sion of suprasegmental 

ones or a direct stimulf ones, later in time be- 

cause of their slower metabolism. An interval of 2 to 5 secs, between loss of 
cortical potentials and onset of clonus perhaps favors the second alternative. 
In the cortex itself, the augmented electrical activity is most probably a mani- 
festation of the direct stimulating action of anoxia, comparable to the com- 
mon early stimulation produced on a great variety of cells by depressant 
agents, and in this case implemented by a leakage of potassium ion from the 
cell interiors (Gerard, 1938b). A similar general enhancement of neuron ex- 
citation level, with more impulses summing at synapses or fewer required for 
effective passage, would help account for the widespread synchronization fol- 
lowing anoxia. Separated brain regions lock into step presumably when a 
sufficient quantity of nerve impulses passes from one to the other or circulates 
between them; and increased neuron discharge or lowered synaptic threshold 
would favor this. What particular cells are responsible for the potential 
rhythms, even whether the same cells in different states of excitation or dif- 
ferent cells active at different times (Blake and Gerard, 1937) produce the fast 
and the slow rhythms, the spindles and intervals, cannot be answered from 
these data. 

Summary 

Abrupt and functionally complete anaemia of the brain of cats was pro- 
duced by temporary occlusion of one carotid after ligation of other vascular 
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channels; and the changes in potentials of known structures were observed 
during and after anaemia. 

The survival time (duration of occlusion necessary to abolish electrical 
activity) varied four-fold from one brain region to another, though consistent 
for each, the "highest” and the newest ones failing first. There are gradients 
of metabolic intensity in the encephalon paralleling developmental, structural, 
and functional ones. 

The recovery time (interval between restoration of circulation and return 
of potentials) for any structure increases with duration of the anaenu'a and 
with the number of preceding anaemia periods. Under equivalent conditions 
the recovery times for various brain regions fall into the same sequence as 
their survival times. 

Anaemia acts primarily via anoxia, though hypoglycaemia and hypercap- 
nia contribute. (Hypoglycaemia hastens the action of occlusion but hyper- 
glycaemia is without influence.) The time values for change in function follow- 
ing altered oxygen supply indicate relative respiration rates of the structures 
studied. These relative rates are in agreement with those estimated in other 
ways. 

During advancing anoxia brain potentials pass through a phase of in- 
creased frequency and often amplitude, indicating a transient stimulation 
en route to depression. Recurring large spindles follow anoxia, especially in 
the motor cortex. Another sign of increased excitation is an improved syn- 
chrony of potentials in widely separated structures. 

Synapses are not especially sensitive to anoxia since, following occlusion, 
optic impulses persist at the geniculate, in secondary neurons, after unevoked 
potentials in the cortex have disappeared. The geniculate rhythm and 
responses to visual stimuli disappear and reappear together. 

We wish to thank Mr. Elbert Tokaji for his assistance in these experiments and Dr, 
Franklin Offner for aid with the electrical apparatus. 
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Introduction 

Interest in the hypothalamus has centered largely upon its function as an 
autonomic center mediating impulses which cause peripheral modifications of 
blood pressure, vasomotor states, visceral motility, etc,, and upon the role 
of the cerebral cortex in inhibiting and augmenting hypothalamic functions. 
Experiments demonstrating release of cortical control of the hypothalamus, 
with resulting overactivity and "sham" emotional states, have been valu- 
able in interpreting phenomena of emotional hyperactivity in man.' We have 
been interested in the reverse influence, namely the effect of hypothalamic 
activity upon the cerebral cortex in the intact animal, since an "emotional” 
influence on "thinking” is so commonly assumed in modern dynamic psy- 
chology. 

Animal Experiments 

The hypothalamus of an intact animal can be stimulated without trauma- 
tizing nervous tissue by means of the following technique s * 

STIMULATING TECHNIQUE 

Cats were anesthetized with ether administered by tracheal cannula or, m most ex- 
periments, with nembutal, 65 mgm per kg body weight, mtraperitoneally. The animals 
were fastened occiput down to an operating board by a special spring clamp which kept 
the snout down and the lower jaw maximally extended The hypothalamus was approached 
by a trans-oral method With experience, the soft tissue can be pierced by a probe in the 
proper location and spread apart When the periosteum is stripped a small midline bleed- 
ing point may be seen m the posterior portion of the hard palate This is an emissary vein 
lying in the rudiment of the old cramopharyngeal duct and hence just below the hypophy- 
sis and hypothalamus A tapping instrument was used to make a few screw turns m the 
bone at this point and a small shell of hard bakehte threaded on the outside and with a 
ridge on its superior surface was screwed into place The bakehte contained a nonpolanzmg 
spiral of chlonded silver wire with a fresh wisp of cotton soaked with saline inserted m its 
core The electrode did not pierce the bone The silver wire, which extended through the 
superior surface of the bakehte as the primary lead, was entirely insulated by enamel 

In most of these experiments unipolar stimuli (induction shocks) were employed and 
the indifferent electrode was firmly attached to the shaven neck or screwed into the nasal 
bones Carotid blood pressure and thoracic respiration were recorded as usual, and muscle 
movements, elevation of hair, dilatation of the pupils and movement of the nictitating 
membrane were observed After the experiment the location of the electrodes was verified 
anatomically In the majority of cases it was directly beneath the hypothalamus 

Forty-one cats were employed in these preliminary experiments. Rise in 
blood pressure was almost always obtained by passing induction shocks 
through the bone underlying the hypothalamus. Moderate stimuli (Harvard 

* In these first experiments Dr Sam Stein, Fellow m Neuropsychiatry, gave valuable 
assistance 
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mductorhiin, 3 volts in primary, secondary at 7 to 9 cm.) produced a rise of 
60 to 40 mm. Hg„ m most cases unaccompanied by changes in respiration 
diaphragm spasm or somatic muscular movements (Figs. 1 and 2). In an 

occasional animal isolated depression of 
blood pressure was observed. This atypi- 
cal response could not be correlated with 
type of anesthesia, location of electrode or 
strength of current. No changes in blood 
pressure resulted from stimulation of the 
soft tissues or the periosteum of the hard 
palate, indicating that the blood pressure 
response was not a reflex to a painful 
stimulus. The heart rate was often ac- 
celerated or unchanged. 

As previously found (Leiter and 
Grinker 3 ), respiratory responses when 
present often consisted of a peculiar dysp- 
nea. In some cases respiration was slowed 
or stopped. Usually the nictitating mem- 
brane retracted and the pupils dilated; 
only occasionally was a contraction of the 
pupils observed. These typical hypo- 
thalamic responses served to show that 
the hypothalamus can be stimulated 
through the bone in the intact animal, 
and under barbiturate anesthesia; and they suggested the possibility that 
hypothalamic potentials might be recorded under the same conditions. 

RECORDING TECHNIQUE 

After obtaining positive responses to stimulation, the hypothalamic lead was con- 
nected to an amplifier. A similar lead to a second channel was screwed into the occipital 
bone or over the frontal lobes to record cortical potentials. A common indifferent lead, 
identical in structure to the above, was screwed into the nasal bones. The electrical ap- 
paratus was made for us by Mr. Franklin Offner of the University of Chicago. 4 The two 
balanced, five-stage (all push-pull) resistance capacity coupled amplifiers drove two crystos 
graph ink- writing oscillographs (Offner and Gerard), of frequency range 0-150 vibration- 
per sec.; the time constant of the amplifiers was 0.5 sec. Low pass filter condensers were 
used in most experiments to remove frequencies greater than 25 per sec. In most experi- 
ments an amplification of 4 to 5 mm. per 100 microvolts (mv.) was used, although this 
varied somewhat. 

Records from the cortical and hypothalamic regions (23 cats) are strikingly 
different so that either can be identified easily (Fig. 3).* The alpha rhythm 
of the cortex was often disturbed by sudden spikes of moderate voltage. The 
alpha waves appeared in bursts at the usual 10 to 12 per sec. frequency and 

* In this and subsequent figures, simultaneous records from cortex and hypothalamus 
are illustrated with cortex in the upper tracing (C) and hypothalamus below (H). The time 
is constant: 17 mm. equal 1 sec. The perpendicular line represents the linear measurement 
of lOOjuv. 



Fig. 1. Rise in 
blood pressure 
and increased 
respiratory 
rate resulting 
from induction 
shocks through 
the hone be- 
neath the hy- 
pothalamus in 
the cat. 


Fig. 2. Rise in 
blood pressure, in- 
creased cardiac rate 
and dyspnea during 
hypothalamic exci- 
tation from induc- 
tion shocks passed 
through the under- 
lying bone of the cat. 
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70 or more pv. in size; and sometimes interrupted by a few broad 3 per sec. 
waves of 50 to 60 pv. intensity. The hypothalamus, however, showed an 
irregularly but frequently appearing wave of 0.18 to 0.25 sec. duration, occur- 
ring 4 to 5 per sec, and 50 to 60 pv. m intensity. Superimposed on these were 
regular 13 per sec. waves of 12 to 15 pv. When the slow waves were of low 
voltage, bursts of alpha waves could be seen from the hypothalamic lead, 
but these were feebler than, and not synchronous with, those from the cortex 
and were fewer in number. 

The hypothalamus could be stimulated by induction shocks, with the 
amplifier disconnected. Potential recording was possible within 7 to 8 sec. 
after the end of such stimulation. The hypothalamic slow waves increased 
25 to 50 per cent in voltage and were accelerated from 4 up to 5 to 7 per sec. 


ZOOM.- 

1 1 ULCC' I 

Fig 3 Typical cortical and hypothalamic action potentials in the cat under nembutal 
anesthesia (C , cortex and H , hypothalamus), both obtained through the intact bone 
In the cortical tracing bursts of alphas are visible as well as occasional broad waves The 
hypothalamic curve shows broad 4 per sec waves, superimposed on which are small 13 
per sec waves 

(Fig. 4). Giant regular cusp-like waves, of 150 to 200 pv. appeared sporadi- 
caliy but frequently, and other large 1 to 2 per sec. waves less commonly. 
Occasional bursts of alpha waves were observed, especially after stronger 
stimulation, which tended to synchronize with those of the cortex (Fig. 4, 
series 4). 

Stimulation of the hypothalamus also affected the cerebral cortex by initi- 
ating fast beta waves which disappeared after several seconds. Large spikes 
and cusps at 4 to 5 per sec. were seen after moderate stimulation. The bursts 
of alpha waves became longer in duration and more sharply defined against 
the background; and each wave increased in voltage by 20 to 30 per cent, and 
became more regular and less broken by secondary waves. The cortical rhy tlim 
thus became plainer; for example, it was clear 40 to 50 per cent of the time 
before stimulation and 70 to 90 per cent after. Stronger currents tended to 
synchronize cortex and hypothalamus. 

The hypothalamus was destroyed by piercing the bone under it and en- 
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circling it with a probe (Fig. 5). The result was a spectacular dropping out of 
almost all fast and slow waves. The alpha waves were reduced in voltage, 
but they became of greater duration, especially in the hypothalamic lead, and 
between their bursts only a few aberrant spikes appeared. Several minutes 
after the destruction, the alpha waves recovered in intensity and their bursts 
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Fig. 4. The effect of stimulation of the hypothalamus of the cat through the bone: 
(1) before stimulation, (2) after stimulation with secondary coil of inductorium at 6.5 
cm., (3) after stimulation with coil at 5 cm., (4) the same as (3) but with resulting partial 
synchrony of curves. 

became sharply demarcated and synchronous in both leads. Stimulation of 
the base of the brain no longer affected cortical activity in the typical way, 
although in some instances it caused the alpha waves in both leads to become 
larger and more like spikes. The synchrony at both leads suggested that the 
cortical rhythms were spreading directly to the hypothalamic lead. 
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Pharmacological Experiments 

The effects of adrenaline, esenne, ergotamme, pdocarpme, nembutal and 
metrazol on cortical and hypothalamic rhythms were next studied 

Adrenaline (Fig 6) After injection of 0 4 cc of 1/1000 per cent adrenaline 
intravenously the cortical rhythm changed from fairly regular alpha waves 
8 to 10 per sec and 60 to 70 rv to less regular ones, 10 to 14 per sec and 100 
to 110 rv Many fast waves also appeared and the alpha group showed rapid 
bursts with little interval between them In 3 mm the fast waves disappeared 
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FlC 5 The result of destruction of the cat s hypothalamus on currents obtained 
through the bone (1) before destruction without stimulation (2) stimulation with second 
ary coil at 8 cm (3) thirty seconds after destruction of the hypothalamus (4) stimulation 
of the hypothalamus as m (2) after destruction 

and the original rhythm returned but with the alpha waves still large The 
hypothalamic waves at 4 per sec and about 30 rv , with occasional alpha 
sequences of 4 or 5 waves in 0 5 sec at 40 rv , promptly gave way to waves 
of alpha frequency at 60 rv somewhat synchronized with the cortical alpha 
waves along with faster waves Three minutes later the alpha and fast waves 
had disappeared and the 4 per sec rhythm reappeared and were larger than 
prior to injection Adrenaline thus acted upon both the hypothalamus and cortex 
just as a powerful electrical stimulation of the hypothalamus Perhaps the 
cortical effect is secondary, in both cases, to hypothalamic stimulation 
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Fig. 6. The effect of 0.4 cc. of 1/1000 per cent adrenaline intravenously in the cat: 
(1) before injection, (2) immediately after injection, (3) three minutes after injection. Note 
the similarity of the effect to that of strong electrical stimulation of the hypothalamus as 
in Fig. 4, series 4. 


■ 5 ' <\v V\ 

r «** * * lV j*AA^l 




/ / y 1 - 


i . 


V' 


too* 

** ' v v ; 


c- 


\*v 

y ■< • •» i . ■ 


<*• 












Fig. 7. The effect of 1.3 mgm. eserine injected intravenously in the cat: (1) before 
injection, (2) immediate excitement period, (3) 2.5 min. after injection, (4) 18 min. later. 
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Eserine (Fig. 7). Intravenous injection of 1.3 mg. of eserine caused slit- 
like pupils, marked ocular nystagmus and physical unrest. Hypothalamic and 
cortical potentials became synchronous and developed bursts of irregular 
coarse waves at A per sec. and more than 200 pv. in amplitude, with feebler 
waves at 15 or more per sec. superimposed. These bursts paralleled physical 
excitement and strongly suggested hypothalamic stimulation. Two minutes 
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Fig. 8. The effect of 5 mgm. ergotamtne injected intravenously m the cat, repeated in 
sixteen minutes. (1) before injection, (2) eight minutes after second injection. 
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Fig 9. The effect of 8 mg. pilocarpine injected intravenously in the cat* (!) 
before injection, (2) 16 sec after injection, (3) 1 mm later. 

later the hypothalamus quieted down to its normal pattern but with approxi- 
mately double the pre-injection voltage; while the cortex continued to beat 
steadily and with great intensity for as long as twenty minutes before gradu- 
ally declining. The cortical pattern consisted of giant alpha waves of 200 /jv. 
intensity at 9 to 10 per sec., in regular steady rhythm without bursts (Fig. 7, 
series 3). After twenty minutes, the waves, still regular and continuous, had 
declined to 150 /rv, Eserine thus produces a conjoint excitation of cortex 
and hypothalamus. The cortex first takes over the typical hypothalamic pat- 
tern, and in exaggerated intensity, and then returns to a normal cortical 
pattern, but still of greatly increased intensity. The hypothalamus shows a 
brief but intense increase in activity and quickly returns to its resting state. 
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Ergotamine (Fig. 8). Five mgm. of ergotamine were injected intravenously 
and the dose repeated in 16 min; only after another 8 min. were 10 per sec. 
alpha waves of 80 to 90 mv. in the cortex slowed to 6 to 7 per sec. and reduced 
to 50 juv. No fast waves appeared. The hypothalamic response, in contrast 
to that of the cortex, was excitatory and resembled greatly the effects of 
moderate stimulation. 

Pilocarpine (Fig. 9). Eight mgm. of pilocarpine were injected intra- 
venously; this was followed by sweating, salivation, constriction of the pupils 
(from 7 mm. to 3 mm. in diameter), and relaxation of the nictitating mem- 
brane. The effect on the cortex and hypothalamus was immediate. In 16.5 





Fig. 10. The effect of 100 mg. nembutal injectedi ntravenously in the cat: (1) before 
injection, (2) after injection, (3) the effect of stimulation after nembutal injection. 
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Fig. 11. The effect of 1 cc. of 10 per cent metrazol injected intravenously in the cat: 
(1) before injection, (2) 20 sec. after injection, (3) 60 sec. after injection. 


sec. the hypothalamus showed barely measurable rapid waves at about 20 
per sec., and after another minute the tracing was almost a straight line. The 
cortex showed the same initial pattern as the hypothalamus, but the pattern 
was interrupted by bursts of waves lasting about 1 sec. and recurring in 5.5 
to 6 sec. These bursts were only half the size of the original alpha waves and 
more spike-like, but they retained their original frequency. After another 
minute these bursts had disappeared and the cortical tracing became also a 
straight line. 

Nembutal (Fig. 10). One hundred mgm. of nembutal intravenously were 
superimposed on the original intraperitoneal injection. All fast waves were 
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promptly abolished, and the slow waves of both cortex and hypothalamus 
were slowed and enhanced. The effect was that of a slowing in time of 30 to 
40 per cent with little change m intensity. The effect was still present 45 min. 
later, when hypothalamic stimulation seemed to counteract partly the nem- 
butal effect. 

Metrazol (Fig. II). Intravenous injection of 1 cc. of 10 per cent metrazol 
solution resulted in very rapid respirations and convulsive movements of the 
forepaws and neck muscles. Both cortical and hypothalamic records showed 
signs of stimulation with abundant fast waves and increase in both preexisting 
frequencies (cortex, from 9 to 15 per sec ; hypothalamus, from 9 to 13). 
Cortical potentials decreased 20 per cent in amplitude and the hypothalamic 
ones increased by the same amount. After one minute the cortical potentials 
had returned to normal and those from the hypothalamus were of normal con- 
figuration though still of greater frequency and intensity. 

Human Experiments 

In the human the hypophysis and its overlying hypothalamus lie above 
or just behind the variable sphenoidal air sinus. This smus ends posteriorly 
beneath the anterior clmoid processes or at most extends to a point below 
the middle of the floor of the sella turcica It does not normally reach the 
posterior clinoids The hypothalamus is thus closest to the base of the skull 
over the sella turcica and extending backward for a few millimeters. Between 
it and the dura, firmly attached to the bone, is a small subarachnoid space. 
Occasionally the anterior portion of the interpeduncular cistern extends this 
far anteriorly. 

TECHNIQUE 

The hypothalamic lead consisted of a sharply tipped steel drill rod 3 mm m diameter 
and 16 cm long with a slight upward concavity at its terminal third (Fig 12) The rod wa s 
insulated to within 2 mm of its tip with celluloid and Duco-cement and the exposed tip 
heavily silver-plated A flexible enameled copper wire connected it with the amplifier 
The cortical leads were silver spirals in the form of discs covered with electrode jelly, and 
fastened to the scalp with collodion The resistance of such leads is less than 5,000 ohms 
In some experiments silver wire earrings connected to a common wire were used as a 
reference lead for both occipital and hypothalamic leads Insertion of the hypothalamic 
lead was easily accomplished We are indebted to Dr Samuel J Pearlmnn for invaluable 
help m teaching us the technique With the patient sitting the nasal mucous membranes 
were cocainized, the applicator being inserted to the posterior pharyngeal wall At first 
an endoscope was placed m one nostril and the lead inserted with direct visualization by 
way of the other nasal passage Later visualization became unnecessary and only one 
nostni was cocainized The lead was passed carefully through the nasal passage and tipped 
upward when the posterior pharyngeal wall was reached (the exposed end of the electrode 
lay above and against the lower lip) to engage the pharyngeal mucosa at the junction of 
the roof of the pharyngeal vault and the posterior pharyngeal wall With a forcible move- 
ment the needle tip was pushed through the mucous membrane, submucosa and perios- 
teum into the sphenoid bone A slight crunching sound and decreased mobility of the 
electrode indicate when it is firmly imbedded The subjects feet a slight twinge of pain on 
insertion of the electrode but this soon passes off and they walk about comfortably for 
hours if necessary, with no interference with speech or swallowing 

The lead is removed with a sudden jerk and no subsequent antiseptic is necessary. 
The slight wound has never caused subsequent difficulty due to infection or hemorrhage 
Two difficulties may be mentioned If the electrode is not inserted high enough into the 
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vault a few strands of pharyngeal muscle are engaged and their action potentials obscure 
those from the hypothalamus. A large sphenoidal air sinus or an unusually shaped base 
of the skull mitigate against a successful registration of hypothalamic waves. The sub jects 
lay relaxed and motionless on a couch in a darkened copper-screened room with eyes shut. 
For stimulation, the secondary coil (Harvard inductorium, 3 volts in primary) was pushed 
in during 10 sec. to 1 cm. (to avoid startle) and tetanization continued 5 to 20 sec. longer. 



Fig. 12. The electrode used in stimulating the human hypothalamus 
through the underlying sphenoid hone. 

Warning of a stimulation was given a few seconds in advance and only 2 or 3 stimuli ap- 
plied to one person. Subjects for these experiments were obtained from general medical 
wards (excluding patients with debilitating or cardiac disease), or from the neuropsychiat- 
ric service. 

Responses to stimulation 

Stimulation of the hypothalamus produced a marked dilatation of the 
pupils, generalized hyperemia of the skin, copious perspiration, and a great 
rise in blood pressure. In one case the pressure rose 80 mm. Hg. during stimu- 
lation and took several minutes to return to normal. Evacuation of the uri- 
nary bladder occurred once, and in one subject body temperature rose to 
103 °F., and remained elevated for several days, without leucocytosis or other 
sign of infection. Strong stimuli evoked gradually increasing tonic spasms of 
the trunk and extremities, which did not outlast the current, sometimes ac- 
companied by cyanosis. The spasms appeared only after stimulation had 
continued for several seconds and probably were due to spread to the cerebral 
peduncles or mesencephalon. Stimulation was painful due to current spread 
but subjects were willing to bear it for such brief periods. Controls showed 
that the responses described were not due to sensory stimulation. 

Apart from transient pain responses, sometimes anxiety appeared during 
stimulation, and it persisted with crying and expressions of fear often for 
some minutes. In one subject protracted sobbing occurred. Several patients 
saw their lives pass before their eyes, as has been described in drowning. In 
general, the affective state accompanying hypothalamic stimulation could 
not be correlated with the rage attacks in human encephalitics, the manic 
responses from operative manipulation of the hypothalamus or the sham rage 
of cats. 



58^ 


i ^**^s •nv 

U etn3 cowP” 16 ^T br°° d * P^ B “! of 

'^sass&ss -- - conti 

r» '*„ 5 “”’ f “ V.^^"”""”"”""' >'g l ” 

■-«■'-• 11 „.„, v"'''' , " , ?;«'"’' b “\S 3 ei «• 

•« o "® 

**%$*’*’*’ .. - J^-^r 

** . .-r, r- — U/ -^ , A/\ 2^- 


^yvN^*^ . .[■ » •' \‘N V ^ S '* 

S A ^ ^ f - ' ,v«/^v-V ! ' '' < ^ 

YV W * v,,»'Sr"' j ''''*..A^' 

" , k' n l*." ' ^ „ v y^ 

><\prf 


r^- v 

VA* •''•■• , K ' N 1‘ 

ft ,f v ^ - 

JiwAf.V'i-*'' ■' v J 1 1 ^■‘■^ •w' SvU ' 




V**\ . 

.^0/ _ ", w ^^"- l ‘ v+ ’‘' 
jr« - ^"‘ yv 

*P - -' 

“- ~ if"* * **• — " 

c - " 


— H. 


{ -* i ** 

MP Ju . - 8 t»mttto- 

„tbal»®' c *}~f 4 W.n ' a, ' T t c ,otation »' tc 

returned to 



584 


ROY R. GRINKER AND HERMAN SEROTA 

alphas there were slower coarser 4 to 6 per sec. waves of 30 to 50 pv. intensity 
in the hypothalamus (Fig. 13, series 1); and occasional larger waves and coarse 
undulations occurred once every 0.6 to 0.8 sec. (Fig. 13, series 4). In general 
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Fig. 15. Cortical and hypothalamic electrograms in the human: (1) before stimula- 
tion, (2) immediate effect of stimulation, (3) 2 min. later, (4) 4 min. after stimulation, 
(5) 5 min. after stimulation, (6) second stimulation with little effect on cortex. 


the human "resting” hypothalamus beat like that of the cat with 4 per sec. 
waves as the "typical” characteristic, but for each subject the hypothalamic 
record was more individual than that of the cortex and probably more char- 
acteristic than a given cortical pattern. 6 In several cases only alpha waves 
appeared before stimulation, but following it they were replaced by the 
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" 'pha waves, in contrast to those 

■ continuous with the eyes open 

than with them shut (Fig. 18). 

Electrograms 

Hypothalamus. Stimulation was followed by increased excitation in the 
hypothalamic electrogram (Figs. 13-26). A marked increase of fast waves 
uncountable at the ordinary recording speed almost always thickened the 
record for several minutes and disappeared gradually (Figs. 14 ! 1 * and 15 ! ). 
Immediately after stimulation the waves became extremely irregular and any 
alpha rhythm which had been present completely disappeared. The 4 per sec. 
waves also became irregular and usually doubled their amplitude. In some 
persons an undulation appeared at 70 per min. at 30 pv. intensity. This was 



Fro. X6. Cortical and hypothalamic electrograms in the human: (1) before stimula- 
tion, (2) immediately after stimulation, (3) 4 min. after stimulation, (4) 5 mm. after 
stimulation, (5} 7 min. after stimulation, showing a burst of cortical excitation in the midst 
of a quescent period. 

considerably slower than and not to be mistaken for the pulse rate (Fig. 
15 s *). Sometimes the hypothalamic rhythm was interrupted by giant waves 
(200 pv.) and the entire curve for several minutes was synchronous with that 
of the cerebral cortex (Fig. 17*); as in the cat after strong hypothalamic 
stimulation. 

The late effects of hypothalamic stimulation were equally interesting. The 
70-per-min. wave sometimes lasted several minutes, disappearing and return- 
ing again. More frequently the large giant waves disappeared and a modified 
alpha rhythm of low voltage reappeared, but interrupted irregularly by 
large rounded slow waves at 2 per sec. (Fig. 16). This pattern might continue 
for several seconds, or fade and return. An occasional train of fast waves was 
often seen, and occasionally large spikes or cusps appeared for 1 to 2 sec. and 
were followed by quiescent periods of a minute or more. The general impres- 
sion was that, after the initial excitation had subsided, increased hypothalamic 
activity reappeared in short, recurrent, irregular periods. 

Cortex. As a result of hypothalamic stimulation the cortical alpha rhythm 
was sometimes interrupted by large rounded 100 to 120 pv. waves, lasting 
0.3 sec. and appearing once in 2 or 3 sec. (Figs. 15 and 16). These continued 
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Fig. 17. Cortical and hypothalamic electrograms in the human: (1) before stimula- 
tion, (2) synchronized immediate effect of strong stimulation, (3) 6 min. after stimulation 
reappearance of excitation after curve had become quiescent as in (1). 


to appear sporadically for several minutes, becoming more and more infre- 
quent. Large irregular undulations also appeared after stimulation and gradu- 
ally straightened out to normal during several minutes (Fig. 17). Large 
rounded waves, with the alphas superimposed, sometimes occurred 6 to 8 
min. after stimulation. In a few cases, spikes of 100 pv. and 4 per sec. ap- 
peared in the cortex in phase with the rounded large waves in the hypothala- 
mus, even 4 or 5 min. after stimulation. The alpha waves themselves were 
gradually slowed, to 5 per sec. and intensified, as much as four fold. Giant 
waves of 200 to 250 /xv. appeared as individuals, later in groups lasting for 
several seconds interspersed between large alpha waves, and still later in 
ten second trains erupting in the midst of a normal rhythm (Figs. 14 and 16). 

An attempt was made to excite the hypothalamus by strong emotions 
(Fig. 19). A subject was told that a sex habit, regarding which he had con- 
siderable anxiety, had probably irreparably damaged him. Both cortical and 
hypothalamic curves became irregular and partially synchronous, and giant 
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Fig. 18. In (1) subject has his eyes shut; in (2) he has opened his eyes. 
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Discussion 

This method for stimulating the hypothalamus through the base of the 
cranium is useful in animals since it is simple, easily performed, requires no 
operation, and can be used acutely on a conscious animal. It is adapted rather 
for study of the hypothalamus as a whole and does not permit the localiza- 
tion possible with the Horsley-Clarke instrument. In the intact human, how- 
ever, this is the only method available for stimulating the hypothalamus or 
leading off its action potentials. It should prove possible to follow the influence 
of ideational stimuli with emotional coloring, as here reported, and to study 
the effects of direct electrical stimulation of the hypothalamus on the periph- 
eral autonomic system by observing heart-beat, gastro-intestinal motility, 
secretion and vascular changes, bladder and ureteral tone, temperature, 
sleep, etc. The hypothalamic lead may also aid in the study of excitatory 
processes in epilepsy and irritative lesions, assist in more accurate localization 
of intracranial neoplasms and further our knowledge of corticohypothalamic 
relations in mental disturbances. 

The spontaneous potentials of the cat and human hypothalamus are pre- 
dominantly slow waves at 4 to 5 per sec. and at 0.9 per sec. Small waves at 
13 to 15 per sec. and the alpha rhythm are variable. The alpha waves prob- 
ably originate in the hypothalamus, for they are of different frequency and 
regularity than the cortical ones, though after destruction of the hypothala- 
mus cortical alpha waves seem to reach the basal electrode. 

Stimulation of the hypothalamus evokes a massive discharge which per- 
sists or reappears for minutes after the stimulation is over. This suggests that 
this structure serves as a reservoir for prolonged excitation and has a chronic 
influence on brain and periphery. Affect-laden ideational stimuli similarly 
cause hypothalamic excitation which precedes and outlasts the cortical ones. 
The results indicate a "driving” of cortex by hypothalamus parallel to the 
well recognized overwhelming of intellectual processes by emotional activity. 

The changes in cortical potentials produced by hypothalamic excitation, 
increased voltage of the alpha waves and appearance of large, slow waves are 
suggestive of the "disintegrated curves” described for schizophrenia and 
organic brain disease. 6 The alpha pattern of the normal human cortex is not 
fixed and can be profoundly modified by hypothalamic stimulation even to 
the point of resembling pathological curves. The more detailed psychiatric 
parallels to and interpretations of these findings will be reported elsewhere. 

Summary 

1. A method has been described for stimulating the hypothalamus and 
recording its electrical activity in the intact cat and man. 

2. The hypothalamic electrogram is specific and differs from the cortical 
electrogram. 

3. Epinephrine, eserine, ergotamine, pilocarpine, nembutal and metrazol 
produce characteristic changes in these electrograms. 
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EFFECTS ON ELECTROENCEPHALOGRAM 
OF VARIOUS AGENTS USED IN 
TREATING SCHIZOPHRENIA* 

FREDERICK LEMERE 
Seattle, Washington 

(Received for publication September 26, 1938) 

The gross lack of information concerning the mechanism of action of vari- 
ous agents now used in treating schizophrenia has been a stumbling block 
in otherwise rapid progress toward understanding this disorder. The pres- 
ent study was undertaken with the object of seeing what changes, if any, were 
caused in brain wave patterns of schizophrenic patients subjected to insulin 
hypoglycemia, metrazol, intravenous sodium amytal, carbon dioxide inhala- 
tion and emotional stimulation. Although electroencephalograms obtained 
from schizophrenic patients fall within normal limits, there is a definite 
tendency towards a weak alpha (10 per sec.) rhythm in this disorder. 1 ' 2 ' 3 ' 4 ' 5 
Hoagland, Rubin and Cameron 6 and Yeager and Baldes 2 have also shown 
that 1 to 5 per sec. delta waves are usually increased during the more severe 
phases of the schizophrenic illness. The significance of these characteristics 
of the electroencephalogram in schizophrenia will be discussed later. 

Results 

Insulin hypoglycemia. Electroencephalograms (EEG) were obtained dur- 
ing insulin hypoglycemia in 15 schizophrenic patients. Twelve of these cases 
showed a definite weakness of the alpha rhythm before treatment (Fig. 1A). 
In the initial excitatory stages of the hypoglycemic reaction, the alpha rhy thm 
was strengthened (Fig. IB), and then as the reaction deepened into coma, the 
alpha waves were replaced by 1 to 5 per sec. delta waves characteristic of 
depressed cortical activity (Fig. 1C). Termination of the hypoglycemia by 
glucose was followed within 1 to 3 hours by a "rebound” strengthening of the 
alpha rhythm of variable duration in 10 of the 12 cases showing a weak alpha 
rhythm before treatment (Fig. ID). Gerard 7 and Bremer and Thomas 8 have 
demonstrated a similar post depression enhancement of the cortical rhythms 
in animals. 

Although clinical improvement was maintained in 9 of the cases respond- 
ing to treatment, the alpha rhythm always reverted to its pretreatment level 
within from 1 to 4 weeks after discontinuing the treatment (Fig. IE). The 
l-to-5 per sec. delta waves were present in 6 of these 15 cases before treatment. 
They were eliminated by the treatment with no recurrence, except in one 
case that relapsed and again showed delta wave activity. This is in agreement 
with the findings of Hoagland, Rubin and Cameron. 6 

* This investigation was carried out for the most part at the Eastern State Hospital, 
Medical Lake, Washington, and was financed by a grant from the Committee on Scientific 
Research of the American Medical Association. 
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Metrazol. It is difficult to study the effect of metrazol on the EEG because 
it is virtually impossible to record during the convulsion. Small subconvulsive 
doses of metrazol, however, increase alpha wave activity (Fig. 2B) and the 
postconvulsive depression is followed by a temporarily enhanced alpha 
rhythm similar to that following insulin coma (Fig. 2C). Here again the alpha 



Fic 1 Record from a schizophrenic patient under- 
going insulin shock treatment A Before insulin B 
Strengthening of alpha rhythm during initial excitatory 
stages of hypoglycemic reaction C Large 1 to 5 per sec 
delta waves associated with hypoglycemic coma D Two 
hours after termination of the hypoglycemic reaction 
"Rebound" activation of alpha rhythm E Three weeks 
after discontinuing insulin hypoglycemia treatment The 
record has reverted to its pretreatment appearance, al- 
though the patient has maintained his clinical remission 
The slow 1 to 5 per sec delta waves are less in evidence 
than in A The dot time markers are m seconds and the 
vertical measure at the side represents 50nv potential 
This and subsequent records are read from left to right 


wave activity eventually reverts to its pretreatment level after treatment 
(Fig. 2D). Similar changes in the EEG following the injection of metrazol 
(or its physiological equivalent, camphor) have been described by Fischer 
and Lowenbach 9 in animals and Gibbs, Gibbs and Lennox 10 in man. 

Intravenous sodium amytal Sodium amytal given slowly intravenously 
in schizophrenic patients (Fig. 3) accentuates the alpha rhythm during the 
prenarcotic stage of its action. This runs parallel to the clinical improvement 
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with increased accessibility and rapport. As medication is continued, and 
the patient becomes drowsy, the alpha waves break up into faster, more 
irregular waves, interspersed with delta waves. 



Fig. 2. Record from a schizophrenic patient. A. Be- 
fore metrazol. B. During administration of subconvulsive 
dose of metrazol. C. 2 hours after metrazol convulsion, 
and D 5 days after last metrazol convulsion. The alpha 
rhythm is temporarily strengthened by the metrazol. 


• I 



3 


Fig. 3. Record from a schizophrenic patient. A before 
and B after subnarcotic dose of sodium amytal given in- 
travenously. 

Carbon dioxide inhalation. The inhalation of carbon dioxide also produces 
an accentuation of the alpha rhythm during the preliminary excitatory stages 
of its actions on schizophrenic patients (Fig. 4B). If unconsciousness is pro- 
duced, the alpha rhythm again breaks up into fast waves superimposed on 
slower delta waves (Fig. 4C). 

Emotional stimulation. There are many different types of emotional stimu- 
lation. Strong anxiety or agitation seems to preclude the development of 
an alpha rhythm. 1 On the other hand, milder, anticipatory, interest-producing. 
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and enthusiasm-arousing emotions, such as those caused by visits from rela- 
tives, the anticipation of going home, or the excitement of the first few weeks 
in a new environment, seem to strengthen the alpha rhythm (Fig. 5). Inter- 



Fig 4 Record from a schizophrenia patient A before, 
B during the initial excitatory phase and C during coma 
produced by the inhalation of carbon dioxide 


A 




Fig 5 Record from a schizophrenic patient A before 
and B after being told that he was going to he discharged 
from the hospital Shows effect of mild emotional stimula- 
tion on the alpha rhythm 

estingly enough it is just this type of interest-arousing affective situation that 
seems temporarily to help schizophrenic patients the most. 

Discussion 

It is apparent that the agents commonly used to influence the schizo- 
phrenic process favorably seem temporarily to strengthen the weak alpha 
rhythm found in this disorder. One can only speculate concerning the sig- 
nificance of this finding. The work of Adrian" strongly suggests that alpha 
waves are produced by neurons of the resting visual cortex beating in unison 
over an area of at least one centimeter in diameter. A weak alpha rhythm, 
therefore, would indicate poor neuron synchronization" 13 and, inasmuch as 
brain wave patterns seem to be inborn, 5 '* 15 one might reasonably conclude 
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that poor cortical neuron synchronization is an inherent neurophysiological 
characteristic of schizophrenic patients. 16 ' b 

Gerard 12 and Jasper 17 have shown that cortical rhythms are strongest at 
certain optimum levels of excitation above which, or below which, the rhythms 
drop out. That the weak alpha rhythm of schizophrenia is due to a low rather 
than a high level of excitation is indicated by the fact that the agents investi- 
gated all exert their beneficial clinical effect on the schizophrenic symptoms 
during the preliminary (or postcomatose) excitatory stage of their action on 
the cortex and the alpha rhythm. It is probable that insulin, metrazol, sodium 
amytal and carbon dioxide depress cell oxidation with resulting anoxia 
and an increase in excitation followed by depression of the cortical neu- 
rons. 12 ' 18 ’ 19 - 20 ’ 21 ' 22 The action of emotional stimulation is less easily understood, 
but it possibly results from activation of the cerebral cortex by the dien- 
cephalon. 16 

The failure of the various treatment procedures to maintain a strengthened 
alpha rhythm would appear especially significant. This strongly suggests that 
the treatments used thus far are only temporary in their action, and that they 
fail to produce a lasting alteration in the fundamental neurophysiological 
defect of the weak alpha rhythm found in schizophrenia. As soon as the treat- 
ment is finished, the alpha waves return to their original pretreatment level, 
although a clinical remission may appear to have occurred. 

Summary and Conclusions 

1. Although brain waves from schizophrenic patients fall within normal 
limits, there is a definite tendency toward a weak alpha rhythm in this 
disorder. 

2. This weakness of the alpha rhythm in schizophrenia would appear to 
be an inborn neurophysiological characteristic of schizophrenia. The alpha 
rhythm is temporarily strengthened by insulin hypoglycemia, metrazol, in- 
travenous sodium amytal, carbon dioxide inhalation and emotional stimula- 
tion — agents which sometimes seem favorably to influence the schizophrenic 
process. 

3. The failure of these agents permanently to strengthen the alpha rhythm 
in schizophrenia suggests, however, that they produce only temporary benefit. 
This may be sufficient to cause a remission, but the fundamental neurophysio- 
logical defect evidently persists in a latent form even after "successful” 
clinical treatment. 
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